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11-40. 11. The origin of the archesporium of the anther as four hypodermals below 


each corner of the anther-sac. 12. The archesporial cell dividing to cut off the 
primary parietal cell. 13. The primary cell has undergone periclinal division. 
14. The undivided microspore mother-cell is surrounded by three layers of 
wall-cells. 15. Tapetum being derived from the division of the innermost wall 
layer. 16. A mature anther-sac. 17. The enthothecial cells greatly elongated 
radially. 18. Uninucleate tapetal cell. 19. Nucleus of the tapetal cell in telo- 
phase of division. 20. Binucleate tapetal cell. 21. Two adjoining cells of the 
tapetum. 22-6. The nuclei in various stages of fusion. 27. A disintegrating 
tapetal cell. 28. Archesporial cell of the ovule. 29-34. Pollen grains in various 
views. 35.. Mature pollen grain in sectional view; the lower one is the generative 
cell. 36. The lenticular shape of the generative cell is shown. Bs Bisa Ae 
abnormal cases of cytokinesis. 39. The homotypic spindles in the same plane. 
40. The homotypic spindles at right angles to one another (RAGHAVAN) 


41-57. 41-51. Gynandropsis pollen mother-cell nuclei showing varying degrees of 
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secondary associations. 52. Capparis sepiaria pollen mother-cell. 53. Side-view 
first metaphase, Gynandropsis. 54,55. Lagging bivalents. First anaphase, Gyn- 
andropsis. 56. Metaphase polar view root-tip of Gynandropsis. 57. Second 
metaphase, both plates in polar view (RAGHAVAN) : ; : 

For explanation see text (Dickson) 

For explanation see text (Dickson) 


. For explanation see text (Dickson) 
4. 


For explanation see text (D1cKson) 


1-18. 1. Zizania aquatica. Somatic metaphase. 2. Zizania aquatica. Diakinesis. 


3. Zizania aquatica. Side view of metaphase I. 4. Zizania aquatica. Early anaphase 
I. 5. Zizania aquatica. Metaphase II. 6. Zizania latifolia. Somatic metaphase. 
7. Oryza sativa (variety T 24). Somatic metaphase with normal chromosomes. 
8. Oryza sativa (variety T 24). Somatic metaphase with highly condensed 
chromosomes. 9g. Oryza sativa. Mitotic metaphase with the nucleolus divided 
into two halves on the plate. 10. Oryza sativa. Mitotic metaphase with the 
nucleolus constricted to divide unequally. 11. Oryza sativa. Mitotic telophase 
with nucleolar fragment lying outside the reforming nucleus. 12. Oryza glaber- 
rima. Somatic metaphase. 13. Oryza glaberrima. Polar view of metaphase I 
with twelve bivalents. 14. Oryza officinalis. Somatic metaphase. 15. Oryza 
officinalis. Somatic metaphase showing somatic pairing of chromosomes. 16. 
Oryza officinalis. A portion of another locule showing two big tetraploid cells 
and four small diploid ones. 17. Oryza officinalis. Anaphase I in diploid pollen 
mother-cells with twelve chromosomes towards each pole. 18. Oryza officinalis. 
Anaphase I in tetraploid pollen mother-cells with twenty-four chromosomes 
towards each pole (RAMANUJAM) ; ; 


19-31. 19. Oryza Barthii. Somatic metaphase. 20. Oryza Barthii. Diakinesis with twelve 


bivalents. 21. Oryza Barthii. Polar view of metaphase I showing maximum 
secondary association, i.e. two groups of three bivalents each and three groups of 
two bivalents each. 22. Oryza longistaminata. Somatic metaphase. 23. Oryza 
minuta. Somatic metaphase. 24. Oryza minuta. Metaphase I with twenty-four 
bivalents showing big and small bivalents. 25. Leersia oryzoides. Somatic 
metaphase. 26. Leersia hexandra. Somatic metaphase. 27. Hygroryza aristata. 
Somatic metaphase. 28. Lygeum spartum. Somatic metaphase. 29. Lygeum 
spartum. Polar view of metaphase I with twenty bivalents. 30. Lygeum 
spartum. Polar view of metaphase I with eighteen bivalents and one quadrivalent. 
31. Lygeum spartum. Polar view of metaphase I with twelve bivalents and four 
guadrivalents (RAMANUJAM) 
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I, 2. Streptocarpus Galpinii, seedlings in surface and side view. 3. Strepto- 
carpus sp., a seedling showing the development of an adventitious lamina to the 
second cotyledon. 4. The same, the second cotyledon in surface view. 5. The 
same, a seedling with both cotyledons developing (HILL) ; F 5 
6-10. 6. Streptocarpus caulescens, young seedlings showing the developing cotyledon 
hairy with a glabrous tip and the arrested one glabrous. 7. The same, an older 
seedling, the persistent ‘cotyledon’ has developed a petiole. 8. A caulescent 
species of Streptocarpus from East Africa which has developed a petiole to the 
persistent cotyledon and exactly resembles the seedlings of Chirita lavandulacea. 
9, 10. Seedlings of Chirita lavandulacea to show the large petioled ‘cotyledon’ 
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development of a petiole to the persistent ‘cotyledon’. 16. Didymocarpus 
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17-19. 17, 18. Seedlings of Saintpaulia ionantha; the smaller cotyledon is almost 
glabrous, while the larger, like the plumular leaves, is very hairy. 19. Oreocharis 
primuloides seedling showing the unequal cotyledons; the larger has developed 
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respect resembles the plumular leaves (HILL) . : 5 : ‘ 2 
20-23. Chirita lavandulacea Stapf. 20. Seedling in young stage showing the two dis- 
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larged ‘cotyledon’ being exactly similar to a plumular leaf. 23. Part of hypocotyl 
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in the axil of one of the component leaves. 4. Ground plan of buds shown in 
Fig. 3. 5a. Diagrammatic reconstruction of a complex system of buds arising in 
the axil of the leaf L 1. 56. Part of 5a viewed from the opposite side. 5c. Ground 
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of papaw fruits (WaRDLAW and Lronarp) 
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. Observations, as in Fig. 3, on papaws of the Porto Rico variety (WARDLAW and 


LEONARD) 
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almost ripe, and subject to the same storage conditions (WarDLAW and LEONARD) 


Xili 


208 


209 


393 


305 


306 


3°07 


309 
310 


311 


xiv List of Text-figures 


8. Observations on two strictly comparable papaw fruits, harvested when showing the 
first trace of yellow colour in the skin, and ripened at a constant temperature of 
25°5° C. (WARDLAW and LEONARD) 


1A and B. Morphology of the chromosomes of T. dicoccum ‘Khapli Emmer’ in 14 
pairs. Cc. Morphology of chromosomes of T. vulgare in 21 pairs (BHATIA) 
2. Morphology of Chromosomes of the hybrids T. vulgare x T. dicoccum (BHATIA) 
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basal cell still undivided (CoLson) : ; : : , ‘ ‘ 

14-21. Development of the ascogenous hyphae. 14. Central fertile region of the peri- 
thecium with two young ascogenous hyphae. 15. Section of perithecium slightly 
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16. Older multinucleate ascogenous hypha. 17. Section of perithecium with 
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26. Third division, large nucleus in the middle of the ascus at anaphase, the other 
three at the top with chromosomes about to split. 27. Eight nuclei in ascus, 
spores beginning to form round the two beaked nuclei in the middle, the other 
six nuclei without asters or beaks (CoLson) 
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transverse series through the upper part of a gynaeceum; one carpel is delimited 
by arrows. B, fruit. cr, gynaeceum as a solid object seen from above. C2, asimilar 
stigmatic crown seen from the side. cx and c2, both enlarged and prickles 
removed (ARBER) : { : é : j é : : : 
6. Meconopsis aculeata Royle. Sections from a transverse series through the upper 
part of a gynaeceum, Camb. Bot. Gard., 26 June 1936 (ARBER) : ; . 660 
7. Platystemon californicus Benth., Camb. Bot. Gard., 5 June 1936. ar and az, 
sections from a slightly oblique transverse series through a gynaeceum. B, 
section from a slightly oblique transverse series through a very young gynaeceum, 
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(PATERSON) 683 
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immediately above, (d), and below, (e), branch shown in a. f. Transverse section 
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The Contents of the Vessels of Fraxinus americana L., 
with Respect to the Ascent of Sap 


BY 


R. D. PRESTON 
(Botany Dept., University of Leeds) 


With five Figures in the Text 


INTRODUCTION 


ap Nereors the outstanding problems in plant physiology those involved in 
the question of the ascent of water in the tree are of special and pecu- 
liar interest. Although these problems have been the subject of detailed 
investigations for many years, few decisive conclusions have been reached; 
and it would seem to be characteristic of existing data that they can be quoted 
in support of several conflicting views. It is not proposed here to give any 
account of the considerable amount of work which has already been per- 
formed—the type of experiment and many of the results will already be 
familiar, and a critical review has already been given (Priestley, 1935)—but 
rather to consider the results presented below strictly on their own merits, 
and to determine exactly what conclusions may safely be drawn from them. 
This course seems preferable, particularly in view of the ambiguity of the 
evidence available. Suffice it to say that the one definite point which may be 
taken for granted is that the so-called ‘root pressure’ is totally inadequate as 
a driving force. In the following pages, therefore, the force of root pressure 
is entirely disregarded. 

In the case of the dicotyledonous tree, the nature of the vessel contents is 
obviously of primary importance in any consideration of the physical mechan- 
ism of the ascent of sap. It is fundamental to the Cohesion Theory that these 
vessels should contain continuous columns of water under rather high tensions 
(Dixon and Joly, 1895; Askenasy, 1895). That these continuous columns 
could continue to operate throughout a whole growing season may at least be 
questioned, particularly in such trees as the ring-porous dicotyledons, whose 
vessels, as shown by recent work at Leeds (Priestley, 1935), run as probably 
uninterrupted columns from root to crown. The breaking of such columns 
would undoubtedly lead to the formation of bubbles of water vapour (partial 
vacua above water columns) into which gases would diffuse from the atmo- 
sphere via the wet vessel walls. During this penetration of gases the water 
below the partial vacua will be withdrawn into the still functioning conducting 
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system and we may expect, in time, a considerable length of vessel to be free 
of liquid water. Under such circumstances the vessel will almost certainly 
be functionless as a conductor of water and serve, in future, only as a reservoir. 
It is therefore possible to apply a crucial test of the Cohesion Theory, to 
determine whether the vessels contain continuous liquid columns or merely 
gas under reduced pressure. It is from this point of view that the following 
investigation was attempted. 

The fact that the wood of a ring-porous tree, when cut under coloured 
liquids, will inject readily for considerable lengths has been known for some 
time, and would seem at first sight to be conclusive. Such injection is most 
obviously noticed at the commencement of the growing season, when the new 
vessels are lying on the surface of the old wood, and can readily be demon- 
strated when the bark is removed. Since water is virtually incompressible, 
it might seem that the fact of injection rules out the possibility of the existence 
of continuous water columns. Detailed consideration of the facts, however, 
shows that on the basis of such experiments alone there is no unique explana- 
tion of injection; rather are there several possible alternatives, none of which 
can be ruled out a priori. Since we propose to examine the findings of the 
present research without consideration of other evidence, the various possi- 
bilities assume particular importance. Certainly we can say immediately that 
the force of surface tension is entirely inadequate (surface effects would cause 
water in a capillary o-1 mm. radius to rise only about 15 cm.); nor, on the 
other hand, can the liquid be considered as travelling along a transpiration 
stream, for the liquid moves both upwards and downwards from the cut 
surface. Again, the possibility that water is being withdrawn from the cut 
vessel into neighbouring, intact vessels may also be ruled out, since a series 
of neighbouring vessels may be injected one after another. Nevertheless, 
there would seem to remain three possible explanations, which may be 
enumerated as follows: 

1. The liquid is moving, both upwards and downwards, into a partial 
vacuum under the influence of the pressure of the atmosphere. We should 
expect the initial rate of injection to be approximately the same in both 
directions, unless the injection is made below the water-level in the vessel, 
when upward injection should take place much more rapidly than downward. 

2. The liquid is moving into vessels occupied by continuous columns 
which are being withdrawn rapidly into the parenchyma of root, stem, 
and leaf. Prior to injection the water available to these cells was under 
rather high tensions, and injection places at their disposal what we may 
perhaps call ‘free’ water. Immediately the cut is made tensions are re- 
leased in the water columns, except such as arise from the weight of the 
column, and this water, now under low tension, may be withdrawn into the 
living cells. 

3. Injection is due to the fact that, under high tensions in a continuous 
liquid column, the vessel is contracted to some extent. Immediately these 
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tensions are released by placing the columns in direct communication with 
a supply of water under atmospheric pressure, the vessel expands and draws 
in the injecting fluid. It can be shown, however, that a tree only thirty feet 
high will inject to a height of twenty feet, while the contraction of the vessel 
may be only of the order of a few per cent. (Bode, 1923). In order to explain 
this observed length of injection in terms of elastic expansion, then, it is 
necessary to postulate a considerable degree of anastomosis in the vessel 
system. Although in trees like Fraxinus anatomical evidence would suggest 
that the degree of anastomosis is insufficient (Handley, 1936), it seems better 
for the moment to assume that this third condition is possible, at least for the 
initial stages of injection. 

It is convenient, at this point, to emphasize the disadvantage inherent in 
the present type of experiment—a point which has been made several times 
in the literature. In cutting into the vessel system we are introducing a new 
factor, and any results obtained refer primarily to the vessel after injection, 
with possibly no significance for the state of affairs before injection. If, for 
instance, we find that injection is to be explained along the lines laid down 
in paragraph 1 above, then the partial vacuum may have existed in the intact 
vessel, or it may have been initiated by a breaking of a water column conse- 
quent upon the insertion of the knife blade. Consideration of the numerical 
results presented below tends to show that this type of error is not a serious 
factor in the present problem. At the same time, it must be clearly recognized 
that the rate at which the injecting liquid enters the vessel bears no relation 
to the movement (if any) in the vessel before injection. 

As will be shown below, it is often possible to determine which of the 
explanations holds in actual practice by measuring rates of injection. From 
such measurements, using formulae corresponding to theoretical considera- 
tions of the various possibilities, a series of simple calculations may be made 
which enable each alternative to be tested separately. Further consideration 
of such tests is best postponed until a more complete analysis of the problem 
has been made. 

The present method of attack, then, consists of a series of measurements 
of velocities and vessel diameters, and calculation of pressures. It is shown 
that, in the trees under investigation, many of the vessels probably contain 
gas under reduced pressure, while others contain continuous liquid columns, 
and that in those vessels which contain liquid columns the initial injection, 
at any rate, is due to elastic expansion. The research was commenced in the 
spring of 1934, though imperfection of technique made it impossible to arrive 
at any definite conclusions at that time. It is not proposed to give any detailed 
account of these earlier experiments, since apparatus which was placed at 
the author’s disposal at Cornell University, U.S.A., in 1936, has enabled 
much more precise determinations to be made. Nevertheless, in so far as 
the earlier work supports and extends the later, it is necessary to make brief 
mention of it. 
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EXPERIMENTAL METHODS 


The trees used in the following investigation were four well-grown speci- 
mens of Fraxinus americana, some 10 to 12 metres high and some 30 cm. 
diameter at breast height, in the vicinity of Ithaca, N.Y., U.S.A. Observations 
were made during late spring, in the late morning or early afternoon of bright, 
clear days. In order to make the wood available for experiment, a panel of 
bark was removed from the bole of the tree, care being taken that the incision 
along the upper and lower edges of the panel did not penetrate the wood 
below. A plasticine cup was attached to the lower end of the panel, the 
injecting liquid was poured in, and the wood cut below its surface. Fig. 1 
will make the arrangement clear. In the earlier experiments observations 
were made over a range of 3 or 4 ft., whereas in later work, when a motion- 
picture camera was used as a timing device, it was impossible to use panels 
with dimensions greater than 20 to 30 cm. It is in this respect that the earlier 
work supplements the later. The injecting liquid used was Indian ink diluted 
to ten times its volume with distilled water. Such a suspension has the 
advantage of being aqueous, so that it wets the walls of the vessels and cannot 
pass end walls; and although there is some danger of blocking the vessels by 
infiltration, only in exceptional cases were signs of this observed in the brief 
duration of the experiments. Indian ink possesses the further advantage 
of showing strong contrast with the white wood of the tree, presenting a 
very suitable medium for photography. The ink was boiled for a short 
time prior to each experiment, to avoid production of gas bubbles from 
the injecting liquid itself, and was kept in filled, tightly stoppered bottles 
until used. 

Before it was realized how rapidly injection takes place, attempts were 
made to measure velocities by means of a stop-watch, observing the time 
taken for the meniscus to travel a measured distance. It has since been shown 
that the initial rate of injessien may be as high as 100 cm. per sec., so that a 
stop-watch measuring to $ sec. is obviously useless in measuring rates of move- 
ment over a few centimetres. A second method of timing tried was a modifica- 
tion of that used by Galileo, using the rate of loss of water from calibrated 
burettes. With the help of four observers, this method proved successful, 
except for the measurement of initial rates of injection. The results were 
sufficiently interesting to encourage further research. 

The disadvantage of using the motion-picture camera in this type of 
observation is, of course, that, since each series must be a ‘close-up’ in order 
that individual vessels may subsequently be observed on the film, the panel 
cannot be longer than 20 to 30 cm. (‘panoraming’ is difficult at this short 
distance, since it necessitates continuous and accurate change of focus). The 
observations are made, therefore, on a comparatively short length of trunk 
and are in no sense comprehensive. As will be shown below, however, these 
initial velocities are often critical in determining the nature of the vessel 
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contents, although longer range de- 
terminations are also useful. The 
combination of both types of timing 
apparatus is a subject for further 
research. 

In order to ensure accurate timing, 
and as a check on the speed indicator 
of the camera, a seconds pendulum 
was set up alongside the panel and 
in the field of view of the camera. 
This was set swinging at small am- 
plitude, the camera was set in motion, 
and injection begun a few seconds 
later. A sharp scalpel with the blade 
held vertically, rather than a needle, 
was used in making the incision, since 
the orifice so made was larger (and 
therefore the error in the first measure- 
ments smaller) and it was still possible 
to inject single vessels. A series of 
vessels, spaced 1 cm. apart, were thus 
injected across the panel. At the end 
of the experiment a metre rule was 
held against the wood in order to 
calibrate the film for length measure- 
ment and the vessels injected were 
numbered on the tree in Indian ink. 
Measurements of vessel diameter 
were made with an eyepiece micro- 
meter, from material stored in dilute 
glycerine-alcohol, and each measure- 
ment could thus often be referred to 
the corresponding injection on the 
film. 

The camera used was a Kodak 
Special K model for 16 mm. film. 
Du Pont Positive film was found to be 
the most suitable of those tried, having 
avery small grain, and was developed 
in the Plant Physiology Laboratories 
at Cornell University. Detailed ob- 
servation of the film showed that its 
rate of motion was perfectly steady for 


Fic. 1. A strip of film showing the in- 
jection of two vessels. Notice the positions 
of the pendulum on the left of the panel. 
Time interval between consecutive frames, 
0°056 sec. 


each observation. If, then, as is usual in the experiments described below, the 
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film was passing the lens system at a rate of 16 frames per sec., we may safely 
say that the interval between two consecutive frames is 0:056 second. By 
observing the position of the ink meniscus, blurred very slightly on the film 
owing to the small, though appreciable, exposure time, a curve may thus be 
constructed relating the length of the ink column to the time, and the velo- 
cities at different heights thus determined. In Fig. 1 is presented a series 
of four consecutive frames from an actual experiment, showing part of an 
injection. In this particular experiment a stop-watch was also included as a 
check on the pendulum. 


"TREATMENT OF DATA 


From the velocities thus calculated and the heights of the meniscus to 
which they refer, it is now possible to make certain deductions concerning the 
alternatives mentioned on p. 2. As the calculations and the assumptions 
underlying them are different for each of the three possibilities, it is preferable 
to treat them separately. The one assumption common to all three is that 
Poiseuille’s Law may be taken to hold over at least short distances. This law 
states that, for steady flow of a liquid, viscosity y, along a capillary of 7 cm. 
radius and J cm. length under a pressure difference P dynes between the two 
ends of the capillary tube, 

81 8 
Di = a lv, (1) 
where Q is the volume of liquid passing down the tube per second and v is 
the corresponding velocity. 

The essential conditions for which the law represents capillary flow are: 

1. The capillary must have smooth walls. In the case of the vessels this 
is approximately true, for the irregularities due to pitting are too slight to 
have any appreciable effect. 

2. The liquid layer in contact with the walls must be stationary. Since the 
injecting fluid (and the liquid content of the vessels, if any) wets the vessel 
walls, this condition is probably fulfilled equally as well as in the case of water 
flowing in glass capillaries. 


3. The quantity v must be less than Bees! 


» for at this point flow becomes 


turbulent and no formulae apply. It will be obvious from the results quoted 
below that this condition holds in the present case. 

4. The acceleration (or deceleration) of the liquid must correspond to a 
negligible force. This is probably true in the present case, although accurate 
measures of this quantity are impossible. Rough calculations show, however, 
that the correction to be applied is negligible. 

5. The capillary must have uniform circular cross-section. The vessel 
diameter is certainly not uniform throughout the length of trunk investigated 
and may vary by as much as 3 per cent. Vessel diameters were measured at 
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several points along the injection, and the average of these inserted in the 
formula. Neither, however, is the vessel quite circular in section, but rather 
approaches the elliptical. The modification of Poiseuille’s Law for flow 
through elliptical tubes may be readily deduced as 


2 b2 
pana NO wR 
nee Gtk (2) 


where a is the major, and b the minor axis of the ellipse. The ratio of the 
pressures calculated according to the equations (1) and (2) is therefore 


P, (elliptical bore) — a?+? va 


P, (circular bore) ab?" 2” 
If the elliptical and circular tubes have the same area of cross-section, then 
1 = ab (3) 
and 
Pi a@4e 
Pore saps 


In the present investigation only those vessels were recorded for which 
a/b < 1-3. In this case P,/P, < 1-03, and there is a maximum error of the 
order of only 3 per cent. in using formula (1) in conjunction with (3) instead 
of (2). On account of its more ready manipulation in routine calculations, 
formula (1) was therefore invariably used. 

One further point in connexion with the use of Poiseuille’s Law must be 
mentioned. In the present case the length of capillary under observation 
includes the meniscus; and difficulties of a mathematical nature make it 
impossible to take any account of the ‘end effect’ thus introduced, in con- 
sideration of vessels with gas content. 

Let us now re-examine the three possible explanations of injection in terms 
of these formulae. 

1. If the vessel is filled with gas under reduced pressure then we may 
express the pressure difference between the cut end and the meniscus at any 


TT —P he lv 
zt 2 bf 


where 7 is the pressure of the atmosphere, and P, is the pressure in the 
vessel at time t, / being the length of the vessel occupied by the injecting 
fluid. Now it is immediately obvious that in this case 


PRO: (4) 
In addition we may note that the length of the vessel over which observations 
are made is small compared with the total vessel length. Hence P is constant 


and therefore (s) 


lv = constant. 


If the injection is such that (4) is not satisfied then the vessel contains some- 
thing other than gas or vapour; while if both are found to apply within the 
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limits of experimental error we may reasonably assume gaseous content. 
Failure to satisfy (5) alone may be explained either by the presence of a 
continuous liquid column or by a vessel length comparable with the length 
injected. 

2. If, on the other hand, a continuous liquid column is being raised at 
velocity v, then the length / in the formula is now equivalent to the height 
of the tree at least (for no account is taken of cross walls). If the tension in 
the water column be 7, then 


8m 
a+T—gl = a) Lv, 


where g is the acceleration due to gravity, and L the vessel length. 

In order to absorb water from the system at this observed rate the osmotic 
pressure of the receiving cells must be greater than 7. We may assume that 
the osmotic pressure of the mesophyll is seldom greater than twenty atmo- 
spheres (Korstain, 1924), so that if 7, calculated according to this formula, is 
much higher than this figure, we may safely assume that a continuous liquid 
column is not moving into the leaf. 

3. The case of elastic expansion of a vessel presents a much more compli- 
cated problem. Theoretical consideration of a similar case has been attempted 
by Frey-Wyssling (1933), working on the latex ducts of Hevea brasiliensis. 
The general case of flow into an elastic capillary system leads to an insoluble 
differential equation. The solution of a case only approximating to reality 
presents considerable difficulties, and it seems better for present purposes to 
solve a purely hypothetical case by legitimate methods rather than to attempt 
a solution of a more nearly analogous problem by invalid assurnptions. 

In the general case the contour of the vessel immediately after injection 
may be expected to appear as in Fig. 2. Let us consider the case illustrated in 
Fig. 3. We will suppose that at any time the part AB of the vessel injected hasa 
uniform radius R, while the remainder of the vessel, which we are assuming full 
of water under tension, has a smaller radius a constant along the length of the 
vessel at any given time but increasing with time. The observed increase in 
diameter of injected vessels is so small that these assumptions, though giving 
the wrong wall contour, will probably yield results of the correct order. 

Under these conditions the rate of transfer of liquid through the tube at 
any time ¢ may be represented by 


dQ wR 

ee ae (7) 
and, if the velocity of the meniscus be dx/dt, then 

dQ 9 dx 

oP = aR dt ’ (8) 


i.e. the rate of passage of the liquid is equal to the rate of increase in the 
volume of vessel injected. 
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A Fic. 3. For explanation see text. 


Further, since the whole of the vessel above the meniscus is filled with 
water, none of which is allowed to escape, we have 


na*(L—x) = constant = C, (9) 
and finally, for elastic expansion of the vessel we have, according to Hooke’s 


Law, 

J a= R= mT (10) 
where m is a constant. 

Substituting (10) in (7), we have: 

dQ” =aR*(R—a) 

ee aE ee nx) 

whence, by substituting dx/dt from (9g) into (8), equating (8) and (11) and 

integrating we get 


ag SED ames gi 
es Eiiaet 
R—a= Ae *Ui7R-C) 


where A is a constant and 


16Cmy 
ee Re 
Hence, from (11), 
2 7R® 
sn — A. ae e” R(LaR'—C)"*, 
dt 8m7 


The product x(dx/dt) (or lv) should therefore decrease logarithmically with 
time. 
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If, then, we find Jv to behave in this way, and the value for P to be such as 
to rule out the other possibilities, we may assume that injection occurs as a 
result of such elastic expansion. 


RESULTS 


In presenting the experimental results it has been considered advisable to 
tabulate them according to their probable significance in view of the above 
reasoning. Tables I and II therefore correspond to cases for which ‘gas 
content’ and ‘water content’ respectively are probable, and Table III includes 
the uncertain data. The experimental errors at the head of the sixth column 
of each table, calculated from the errors in reading / and v, are, of course, 
only approximate, since the exact errors vary with the height of the meniscus. 
We are here, however, concerned chiefly with the order of the pressures 


TABLE I 
Gas Content 


Ash I and II were approximately 10 metres, and Ash III 12 metres high. 


Gas Water 
pressure _‘ tension 
Velocity Height in vessel in 
Diameter Uv l (atm.) vessel 
Specimen. (mm.). (cm./sec.).  (cm.). lv. (+o-or). (atm.). 
Ash I 
vessel 1 129:0 4°2 542 0-61 113 
64:0 10°6 680 o'51 
40°0 13°6 544 0-61 
2 0'210 59°6 8-7 522 0°68 50 
42°0 12°9 544 o-71 
32°5 16°3 530 0°69 
3 0144 37°6 5°6 209 0°68 14 
10'0 8-9 89 0°86 
9°6 10°0 96 0°85 
77 12°5 96 0°85 
Fue 14°0 103 0°84 
56 15°2 85 0°87 
II 0°184 84°0 2°9 242 0:77 78 
46:0 9°4 432 0°58 
40:0 ia 490 0°53 
36-0 14'2 512 O°51 
28-0 15°8 443 0°58 
12 o'181 99:0 2°9 285 0'72 103 
60°0 75 450 0°58 
46:0 10°5 485 0°54 
27°0 12°7 342 0°68 
27°0 14°3 386 0-62 
28:0 15°8 444 0°58 
13 0-210 43°0 8:0 344 0°74 34 
44°0 10°5 464 0°65 
22°0 13°I 287 0-78 


20°0 14°9 298 o'77 


Fraxinus americana L., with Respect to the Ascent of Sap II 
TABLE I (contd.) 


Gas Water 
pressure _ tension 
; Velocity, Height, in vessel in 
: Diameter v 1 (atm.) vessel 
Specimen. (mm.). (cm./sec.). | (cm.). lv. (to-o1). (atm.). 
Ash IT 
vessel 2 0°240 34°0 6-3 216 0°87 24 
22°0 9°4 207 0°88 
20°0 TT<7 234 0°86 
15‘0 13°8 207 0°88 
17°0 15°6 265 0°84 
12-0 18-6 223 0°87 
a 0°240 58-0 3°95 229 0°87 41 
ae 5°45 7: 0-96 
18- ‘90 130 0:92 
Ash IIT : ; : 
vessel 2 0'212 55°0 46 253 o-81 41 
36:0 70 252 o-81 
21°0 9:0 189 0°85 
13°0 II‘o 143 0°89 
8-0 13°0 104 0°92 
3 0°246 56-0 8-1 453 0-75 31 
42°0 10°8 455 0°75 
8 0°242 37°0 6-0 222 0°88 24 
32°0 8-0 256 0°86 
28-0 100 280 0°85 
23°0 12°0 276 0°87 
17°0 14'0 238 0°88 
13'0 16°0 208 0°89 
10°0 18-0 180 o"90 


calculated rather than unnecessarily precise details, and no useful purpose 
would be served by tabulating the experimental errors. In Fig. 4 is presented 
a typical series of readings of the height of the meniscus, plotted as a graph 
against time; this is included merely to indicate the degree of accuracy with 
which the experimental data allow the determination of velocities, according 
to the method already mentioned (p. 6). 

It will be clear in Table I that the product Jv, and hence the pressure within 
the vessel, is approximately constant for each vessel with the almost invariable 
exception of the first determination, and of one or two later determinations. 
With the exception of Ash I, vessel 3, the tension in a liquid column supposed 
to be moving into the leaf appears to be so high as to rule out any possibility 
of such a state of affairs. 

The gas pressure inside the vessel never falls below zero, so that on the 
basis of the criteria mentioned above there can be little doubt but that the 
vessels listed here contain only gas, at pressures ranging from 0-4 to 0-9 
atmosphere. The discrepancy in the first readings in a series may be ascribed 
to one of two possible causes. Either the size of the incision is controlling 
flow at the initial stages or, more probably, the measurement was taken before 
the knife was completely withdrawn (it is often difficult to see exactly when 
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the withdrawal takes place). One case needs particular mention. In Ash III, 
vessel 2, the product /v decreases with increasing height of injection, and yet 
does not fit an exponential curve. An explanation, already briefly mentioned, 


Fic. 4. A graph showing the relation between the height of the ink meniscus and the 
time for Ash ITI, vessel 2, illustrating the method used in determining velocities. 
immediately offers itself. Assuming gas content, the product Jv can be con- 
stant only so long as the vessel is long compared with the injection distance ob- 
served. If, however, the distance between the vessel termination and the cut is 
rather short, then the pressure in the vessel will vary according to the equation 

Pale: 
where L is the distance referred to and P, is the pressure inside the vessel 
before the cut is made. 
Hence 

P(L—1,) = P(L—h) (= Py), 
so that if /, > 1,, then P, < P, and therefore Lv, > Lo. 
Further, the length L may thus be determined from pairs of pressure deter- 
minations. Such a measure of ‘vessel length’ is hardly exact, since the experi- 
mental error of the pressure determinations is comparable with the pressure 
differences. It may be calculated that the length L is 58 cm. (with limits of 
114 cm. and 4o cm.). 
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Among the results in Table II are presented four vessels from Ash I to 
which gas content hypothesis clearly does not apply. The (hypothetical) gas 
pressures fall well below zero and the product Jv is not constant. In the case 
of Vessel 15 the measured velocities are too erratic to allow the application 


Log. lv 


~ 


{e) ey) O-2 0:3 0-4 O-5 
Time (Secs) 


Fic. 5. Ash I, vessel 5: log lv = 2:95 —2t. Ash I, vessel 14: log lv = 2:9—(2°7)t. 


of any theoretical considerations; a variation which is possibly due to a 
sticking of the meniscus or to a temporary blocking of the vessel by infiltra- 
tion. Of the remaining vessels, the two for which a sufficient number of 
determinations was possible show a logarithmic decrease of Jv. This will be 
clear from Fig. 5. On the basis of the hypothetical case of elastic capillary 
flow discussed above, we may assume that these vessels contain continuous 
water columns and that injection results from an expansion of the vessels, 
consequent upon the release of tensions. We may further assume, as a first 
approximation, that since 
lv = Be-*, 


then 
es Bn pe-xt idl ae das 
a 


where P is the effective pressure forcing the ink column into the vessel, i.e. 
the pressure difference between the external atmosphere and the meniscus, 
and P, is the pressure at time ¢ = o. 

P, appears to be of the order of 3 atmospheres and represents, very approxi- 
mately, the tension in the vessel at the point of cutting immediately after the 
incision is made (atmospheric pressure may be neglected since the tree is 
approximately 4o ft. high). It is questionable whether this may be taken to 
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TaBLe II 


Water Content 
Ash I was 10 metres, and Ash IV 12 metres-high 


Gas pressure Water 


Velocity, Height, in vessel tension 
Diameter v l (atm.) in vessel 
Specimen. (mm.). (cm./sec.). | (cm.). lv. (to0:01). (atm.). 
Ash I 
vessel 5 o'110 114'0 Baz 365 —o'l4 356* 
73:0 8-4 617 —I‘10 
42°'0 11°6 490 —o-'90 
24:0 141 338 0°07 
9 0°136 51'0 8-7 446 0°23 89 
49°0 stag 620 —o'1o 
14 0°100 g0°0 4°1 374 —o'28 306T 
61°0 8°5 520 —o-78 
27°0 13°6 346 —0'25 
20°0 14°9 298 — 0°04 
15 0°138 99°0 2°9 284 0°38 164 
82:0 8-1 670 —O'14 
19°0 12'2 228 0°62 
31-0 16°4 485 o'19 
Ash IV 
vessel I 0°222 Upper e.g. 
20 (const.) 8-o 160 0:90 13 
Lower 
18:2 O°51 
0-0 1-02 
3°6 1°50 
2 0°186 Upper 
e.g. 
5:6(const.) 2-0 112 0°99 52 
Lower 
12°2 0°5 
122 15 
12°2 2°7 
21°0 3°3 
3 0°230 Upper e.g. 
12 (const.) 4:0 48-0 0°97 7:2 
Lower 
3°9 1°67 
18-1 30 


* Fits the exponential curve Tension = 3e-(20) 
t Fits the exponential curve Tension = 3e-(2'7)t 
represent the tension in the vessel system before cutting into it, since the 
equations are not valid before time t = 0. At any rate, however, the figures 
give no evidence for very high tensions in the continuous liquid columns. 
The three determinations on Ash IV may be interpreted along quite differ- 
ent lines. This particular tree behaved quite differently from any other 
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investigated. It was customary, before commencing each series of determina- 
tions on a tree, to inject at a point half-way up the panel in order to be sure 
that the injection occurred both upwards and downwards. Ash IV was the 
only tree observed for which the initial rate of upward injection was appre- 
ciably different from the downward rate. Accordingly, the panel on this tree 
was injected not at the bottom, but half-way up, and a series of determinations 
made on both injection directions. A plasticine cup could now, of course, 
not be used, and the ink was held on the point of the scalpel. Only those 
determinations listed could later be definitely connected with vessels in the 
preserved trunk specimens. In each case the upward velocity is constant. 
The downward rate in vessel 1 is initially about the same as the upward rate 
and then falls off; in vessel 3 the downward rate is lower than the upward 
but rises steeply; and in vessel 2 the downward rate is appreciably higher than 
the upward and tends to increase. On the gas content hypothesis, the constant 
upward rate of injection is understandable only on the assumption that the 
cut is made well below the water-level; and, if that were true, then we should 
expect very slow downward injection, if any. Hence this hypothesis would 
appear to be ruled out. The only possible explanation seems to be that a 
continuous liquid column is moving, upwards and downwards, and it is 
important in this regard to notice that the water tensions calculated on this 
assumption are the lowest recorded in these investigations. Even this conclu- 
sion may be questioned since, according to the results presented in ‘Table II, 
these tensions are probably sufficiently appreciable to contract the vessel and 
should lead to injection by elastic expansion. No figures can be presented 
for the downward injection, of course, in view of our lack of knowledge as 
to the extent of the root system. On the basis of these calculations alone, 
therefore, we may conclude that we have here continuous columns moving 
up into the leaves and down to the roots; though the question as to the sink 
into which the column is moving, so often asked concerning upward injection, 
is even more difficult to answer for the downward injection. 

Among those observations tabulated as questionable several are of particu- 
lar interest. In Ash I, vessel 4, and Ash II, vessel 5, the tensions needed to 
move a continuous column upwards at the measured velocities are higher than 
feasible; the product Jw increases rather than decreases, so that we have no 
case for flow under elastic expansion. On the assumption that the vessels 
contain gas, but that the cut is made under the water-level, however, the 
rising value of /v is readily explained. The length of the water column must 
obviously be added to that of the ink in order to obtain a true measure of the 
gas pressure in such cases; and it is readily deduced that by adding 28 and 
20 cm. respectively to the readings of / in these two vessels /v becomes approxi- 
mately constant. The gas pressure then, however, falls well below zero. 
These determinations fulfil none of the conditions set out above. Ash I, 
vessel 19, and Ash III, vessel 7, present a similar problem, although in the 
latter case the velocity is quite constant and in the former approximately so 


16 Preston—The Contents of the Vessels of 


except for the last determination. Here’ we may again conclude that the cut 
is made below the water-level in the vessel, but again the pressures calculated 
(on the basis that the pressures for each reading must lie within 3 per cent. 


Tas_e IIT 
Uncertain 
Gas Water 
Velocity, Height, pressure _ tension 
Diameter v l in vessel in vessel 
Specimen. (mm.). (cm./sec.).  (cm.). lv. (atm.). (atm.). 
Ash I 
vessel 4 0°136 44:0 6-4 282 Or 50h 78 
41°0 8-9 363 0°37 
40°0 Tie 450 0°22 
38-0 13°5 514 O'IO . 
29:0 15°4 447 0-20 
19 0148 42°0 6-9 292 0°58 62 
40°0 9°3 374 0-46 
44:0 11-8 500 0:28 
27°0 138 375 0-46 
Ash II 
vessel 4 0°242 67:0 7:0 469 0'73 49* 
43'0 10°0 430 o-77 
31°0 13'0 403 0-78 
20°0 16:0 320 0°83 
130 190 247 0°87 
5 0°220 93°0 50 465 0°69 75 
77:0 10:0 770 0°48 
62:0 15°0 930 0°39 
48:0 20'0 960 0°37 
Ash III 
vessel 7 0°242 60-0 7-0 420 0:77 39 
(const.) 
170 1020 0°44 


* ‘This series may be explained either by assuming the vessel to contain gas, and 
the cut to be made some 65 cm. below the vessel termination; or by elastic expansion 
of a vessel filled with water, the corresponding exponential equation being 


Tension = (0°31)e(—0'92)t. 
of each other) falls well below zero. These four observations are unique in 
the present investigation. Many more vessels have been investigated than 
are tabulated in this paper, although results obtained from them have been 
rejected because the shape of the vessel cross-section was too irregular to 
allow the application of any rigid formulae. Calculations of lv, however, 
show that none of these observations would be included with those considered 
in this paragraph. A possible explanation of these four results would seem 
to be that the vessels to which they refer lie near vessels, on the surface of 
the wood, containing continuous water columns (see below). Two possible 
conditions may exist. Either the water they contain as continuous columns 
is being withdrawn into these neighbouring conducting systems; or the vessels 
contain water and water vapour, the rising level of the water, after injection, 
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bringing free water into contact with the walls of unopened vessels (with 
continuous columns) which proceed to absorb it by elastic expansion. These 
would represent highly exceptional conditions for, as has already been pointed 
out, neighbouring vessels can usually be injected individually. In either case 
v will tend to decrease, whereas the value of / bears no constant relationship 
to the length of column moving; and the additional forces brought into play 
as more and more conducting systems become available may well cause wv to 
remain at a level higher than we should expect from the injection of isolated 
vessels. 


DIscUssION AND CONCLUSIONS 


While the conclusions which may be drawn from the foregoing observations 
must be only tentative, and any general statement must await more compre- 
hensive series of observations, the present experimental results on analysis 
appear to be intelligible. It would appear that many of the vessels are filled 
with gas at reduced pressure while others contain continuous water columns: 
and even in these latter cases there is no evidence of very high tensions. The 
initial rate of injection in many of those vessels which contain liquid columns 
is apparently due to vessel expansion. Whether such vessels inject over 
distances as long as those containing air is a subject for future research, since 
the present calculations were made long after the trees in question ceased 
to be available. It is to be expected that vessels containing water under 
tension will cease to inject further after a comparatively short time. The 
possibility that the apparent movement into a partial vacuum is due simply 
to the breaking of a continuous water column consequent upon the in- 
sertion of the knife may be disregarded. Under these conditions the “gas- 
Pressure’ in the vessel should be approximately zero, whereas it is, in fact, 
rather high. 

As regards the development of the pneumatic system in vessels, and the 
distribution of gas-filled vessels in relation to water-filled, certain aspects are 
fairly clear. The present investigation included some determinations on this 
phase of the problem, and this work is mentioned here rather than in the body 
of the paper only because it is of an entirely different type. It is quite clear 
that the newly differentiated vessels are filled with sap up to the time when 
the protoplasmic contents of the vessel elements begin to disappear (Priest- 
ley, Scott, and Malins, 1935). Once the vessel becomes mature, however, its 
contents are presumably being withdrawn into a leaf above. We may therefore 
expect comparatively high tensions to be set up in such a liquid column at 
this time. Dixon (1914), Ursprung (19152), and others have repeatedly 
called attention to the fact that water contained in tonometers can withstand 
much higher tensions than any we may expect in the tree. Their experiments 
were made, however, on small volumes of water, held in glass containers; and 
in those experiments in which a leafy shoot has been used to raise mercury 
above barometric height, clean glass tubes, clean water, and shock-proof 

966-5 Cc 
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supports are essential to success. Further, Ursprung has shown that water 
saturated with air is unable to withstand the high tensions observed with 
pure water, and that the presence of dissolved gases causes considerable 
inconsistencies in the results (19152). 

Now the water in the tree undoubtedly contains a considerable quantity 
of dissolved gas and the vessel system is, moreover, by no means rigidly 
supported along its whole length. Further, the walls of the vessels, unlike 
those of the glass tubes used in laboratory experiments, are not completely 
smooth, particularly in the case of the protoxylem elements in which each 
longitudinal file of vessel elements must end. Although it may be questioned 
whether the nature of these projections (the bordered pits of secondary xylem 
and primary metaxylem and the spiral thickening of the protoxylem elements) 
is such as to be effective in causing the production of gas or vapour bubbles, 
their presence will, at least, lend no support to the continued existence of 
liquid columns; and in consideration of the rapid movement of the branches 
and the fact that the water is not gas-free, the conclusion seems inevitable 
that the columns will sooner or later break. The bubble of vapour thus 
produced would, of course, enlarge, due to the withdrawal of the now ‘free’ 
water into differentiating vessels and into such liquid columns as remain 
intact. At the same time air would diffuse into the bubble from the atmosphere 
via solution in the (wet) walls. While, therefore, we might expect continuous 
columns on the surface of the new wood, older vessels, farther in, may have 
gas under progressively higher pressures. That such gas-filled vessels may 
later fill again with water, by the absorption of oxygen in living wood paren- 
chyma and the subsequent diffusion to the atmosphere of the nitrogen (under 
atmospheric pressure when all the oxygen is removed) seems unlikely, 
particularly in vessels more than 8 ft. long (about 4 of barometric height in 
water). 

In support of the above considerations is the well-known fact that heart- 
wood generally contains more air than sapwood, and the following investiga- 
tions made during the course of the present research tend to show a gradient 
of gas-pressure even in the sapwood itself. For these determinations straight 
branches were chosen of Acer saccharum and A. saccharinum (whose vessels 
are short—some 2 to 3 ft.), about 4 ft. long, the bark was removed and the 
twig injected at the middle point with a boiled solution of Sudan III in oil. 
This particular injecting fluid was chosen since it was readily visible, did not 
stain the walls, and could not cause blocking of the vessels by infiltration 
during the time which elapsed between injection and observation. Injections 
were made both before and after the removal of the branch from the tree. 
Each twig individually was then placed in a glass tube which was slowly 
evacuated, and both the oil meniscus and the cut were observed under 
dissecting microscopes. Immediately after the evacuation of the tube was 
commenced (certainly before the pressure in it had fallen to 65 cm. of mer- 
cury) and before any movement of the oil menisci could be detected, oil 
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began to collect in the incision. This oil could have come only from the 
vessels deep in the wood which were not available for observations. At lower 
pressures the deeper, visible menisci began to be withdrawn and these menisci 
moved forward again on letting air into the apparatus. The oil in several of 
the surface vessels, on the other hand, was not withdrawn appreciably under 
pressures as low as 2 cm. of mercury. These observations can only mean that 
many of the vessels contain gas under reduced pressure, and it was hoped 
from this kind of experiment to obtain independent measures of the gas- 
pressures as a check on the results presented above. Unfortunately no inject- 
ing liquid was discovered sufficiently free from ‘sticking’ to give constant 
results. The development of this technique is a subject for further research, 
yet at the same time these preliminary observations are not without signifi- 
cance. They allow the tentative conclusion to be drawn that the vessels 
containing gas are located deeper in the wood than are those containing 
liquid columns, just as theoretical considerations have suggested. 

The question of the path of water movement in the tree would thus appear 
to require reconsideration. Vessels containing gas, even under very much 
reduced pressures, are almost certainly incapable of conveying water to the 
foliage and probably serve merely as reservoirs. In the first place, measure- 
ments by many investigators (Clum, 1926; Curtis, 1936; Smith, rgo0g) have 
shown quite clearly that leaf temperatures may be considerably higher than 
the temperature of the surrounding air, and therefore presumably higher 
than that of the wood of the branches and trunk. In such liquid-vapour 
systems as we have here, therefore, we would expect distillation downward 
rather than upward (the increase in vapour pressure of the leaf mesophyll 
due to the increased temperature more than offsets the decrease due to the 
concentration of the vacuolar sap).' In the second place, the pressure differ- 
ence of water vapour between the two ends of the system could not be greater 
than a few centimetres of mercury, and it may be shown thats uch pressures 
are totally inadequate.? It would seem that no definite conclusion can be 
reached concerning the path of water movement until we can ascertain the 
rate of water loss by the tree in relation to the anatomical structure of the 
trunk wood. Such determinations are unfortunately lacking in the literature, 
though experiments have been commenced on these lines at Leeds from which 
results are hoped for in the near future. 


1 e.g. the vapour pressure of water at 21°C. is 18:1 mm. At the same temperature, a 
1°75 M solution of K,CO; has a vapour pressure of 16°8 mm., a decrease of 1-3 mm. Pure 
water at 22° C. has a vapour pressure of 19°66, an increase of 1:56 mm. Thus a rise of only 
one degree in temperature more than balances the effect of a concentration of solutes higher 
than any we should expect in the mesophyll. 

2 Rough estimation from transpiration experiments now in progress shows that the 
velocity of the rise of water in the experimental trees is of the order of 1/360 cm. per sec. 
The corresponding velocity of water vapour is about 160 cm. per sec. In a vessel 100 cm. 
long (the height of the trees) and 0-05 cm. radius the pressure difference required would 
be approximately one atmosphere. This pressure difference is, of course, impossible to 
conceive. 
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SUMMARY 


When the wood of a ring-porous tree is cut under coloured liquid, during 
spring, the new vessels may be seen to inject very rapidly over considerable 
distances. Such injection may be explained either by continuous liquid 
columns under moderately high tensions or by the presence in the vessels of 
gas under reduced pressure. In the present paper it is shown that calculations 
made from the rate of injection (measured by a motion-picture camera) are 
of critical importance in determining which of these two explanations holds 
in specific cases. It is shown that in Fraxinus americana many of the vessels 
contain gas under pressures varying from 0-4 to o-g atmosphere; while in 
those vessels which contain liquid columns the initial expansion is often due 
solely to elastic expansion. 

On the basis of observations made on specimens of Acer saccharum and 
A. saccharinum, it is suggested that the vessels which contain gas are located 
deeper in the wood than are those with continuous liquid columns. In view 
of the fact that gas-filled vessels are almost certainly functionless as con- 
ductors of water it is suggested that the whole question of the ascent of sap 


needs reconsideration. 
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Protein Breakdown during Germination of Lathyrus 
odoratus 


BY 
W. E. ISAAC 


(Low Temperature Research Laboratory, Capetown) 


With one Figure in the Text 


is their paper on the respiration during germination of Lathyrus odoratus, 
L., var. ‘What Joy’, Stiles and Leach showed that the intensity of re- 
spiration as indicated by CO, evolution rises to a maximum and then falls to 
a more or less constant level. In the case of seeds from which the testas are 
removed before germination, this maximum is reached fairly regularly within 
the first thirty hours of the experimental period (Stiles and Leach, 1932). 

Although carbohydrates are the chief storage materials in the seeds of 
Lathyrus odoratus, proteins are also an important storage food material. It 
was found by analysis that the total nitrogen content of these seeds (without 
testas) is about 5:2 per cent. Of this about 4-66 per cent. is protein nitrogen, 
and if this value is multiplied by the conventional factor 6-25, a value of 
29°13 per cent. is obtained for the protein content. These percentages are 
expressed in terms of fresh (undried) tissue taken as 100 per cent. If these 
values are expressed in terms of dry weight, they are somewhat more impres- 
sive and give a more accurate idea of the proportion of proteins in relation 
to other classes of food materials. On a dry weight basis the total nitrogen 
is 6-00 per cent.; protein nitrogen 5-37 per cent.; and multiplying by 6-25 
we get 33°56 per cent. as a figure for protein. 

With such a considerable proportion of protein present the question natu- 
rally arises as to the extent to which the curve of CO, evolution represents 
the energy released during the early stages of germination. If there is a rapid 
initial breakdown of protein there will be more energy available than is repre- 
sented by the CO, curves, although an amount of energy equivalent to that 
released in protein breakdown may later be absorbed in the resynthesis of 
protein at the growing points of the young plant. Again, the time of maximum 
protein breakdown might not be coincident with the maximum of CO, evolu- 
tion, which would mean that the form of the respiratory curve as indicated 
by CO, evolution would not be an exact representation of the sequence of 
energy release. Lastly, it might be that the curve of protein breakdown does 
not show a rise to a maximum, the rate of breakdown being fairly even. 

With a view to throwing light on this problem the following investigation 
was undertaken. 

{Annals of Botany, N.S. Vol. II, No. 5, January 1938.] 
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METHODS 


The estimation of nitrate nitrogen in protein-free extract of ungerminated seeds. 
A preliminary analysis of a protein-free water extract of Lathyrus odoratus 
seeds (including testas) was carried out by Mr. R. G. Westall at the Imperial 
College by the courtesy of Professor A. C. Chibnall. This analysis showed 
the presence of nitrate nitrogen to the extent of 11-6 per cent. of the total 
non-protein nitrogen or 0-052 per cent. of the oven-dried tissue. 

It was decided to work throughout with seeds from which the testas were 
first removed (see p. 25) and as it was possible that part or the whole of the 
nitrate might be stored in the testa, a water extract of testas was prepared 
and tested for nitrates: (i) qualitatively with diphenylamine sulphate and 
concentrated sulphuric acid; (ii) quantitatively using Chibnall’s micro- 
modification of Vickery’s reduced iron method. In both cases a negative 
result was obtained indicating the absence of nitrates from the testa. 

The presence of nitrates involved the adoption of suitable modifications of 
both macro- and micro-Kjeldahl methods. 

Total nitrogen. Macro-Kjeldahl estimations modified for the presence of 
nitrates. 

Preparation of protein-free extract. Barnstein’s modification of the Stutzer 
process’ was used for the precipitation of protein. This mode of separating 
out the proteins depends upon the fact that the proteins form insoluble 
compounds with copper hydroxide while the water soluble nitrogenous 
compounds of plant extracts form soluble salts.” 

The fluid containing the protein precipitate was filtered on a Buchner 
funnel; the precipitate was then collected and boiled again with distilled 
water and a second bulk of filtrate obtained. The filtrate was concentrated 
to small bulk at a temperature of about 45° C. at reduced pressure and finally 
filtered through a ‘Seitz-Werke’ filter. 

Thymol was used as a preservative. 

Total non-protein nitrogen. Total non-protein nitrogen was determined by 
the micro-Kjeldahl method (modified for the presence of nitrates)? devised in 
Professor Chibnall’s laboratory. 

Pregl’s modification of Parnas and Wagner’s micro-Kjeldahl apparatus was 
used, except that the double-walled distillation flask with a vacuum between 
the two walls was replaced by a flask which could be easily detached from the 
rest of the apparatus. This was necessary for cleaning purposes since iron 


? See Allen’s Commercial Organic Analysis, vol. Vill, p. 662, 5th edition. 

? Kostytchev and Brilliant have shown that at low temperatures amino-acids and sugars 
may combine to give complexes which can be precipitated by copper sulphate (see Robinson 
1929). In this way the nitrogen precipitated as protein nitrogen becomes slightly inereaeed. 
In regard to the present investigation it may be noted that the protein was precipitated from 
a hot ‘solution’, and that at best, the results obtained would be affected only in the sense of 
lessening somewhat the degree of protein breakdown. 

* A micro-modification of Vickery’s reduced iron method (Pucher, Leavenworth, and 


Vickery, 1930). Kahlbaum reduced iron was found to give satisfactory results at the Imperial 
College. 
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was used for the reduction of the nitrates present. A full description of 
Pregl’s modification of the Parnas-Wagner apparatus will be found in ‘Pregl’s 
Quantitative Organic Micro-analysis’ (Roth, 1937). 

Alizarin red (a 1 per cent. solution) was used as indicator. 

Protein nitrogen. This value was obtained by deducting the total non- 
protein nitrogen from the total nitrogen. 

Amino-nitrogen. Total amino-nitrogen was estimated by means of a micro 
van Slyke apparatus (Chibnall and Westall, 1932) and also by the Willstatter 
titration method (Willstitter and Waldschmidt-Leitz (1921)). 

The amino-nitrogen values quoted in this paper were determined by Mr. 
R. G. Westall at the Imperial College by the courtesy of Professor A. C. 
Chibnall. 

For this purpose protein-free water extracts were prepared. 

Germination. After removing the testas, the seeds were placed on moist 
filter paper in half Petri-dishes and allowed to germinate in the dark in an 
electric oven at 25°C. The filter paper was frequently moistened, and so the 
addition of excess water was avoided. 

Preparation of seedling material for analysis. At the end of a period of 
germination the seedlings were removed from the incubator, pressed gently 
between sheets of filter paper, and placed on watch-glasses in an electric oven 
at 80° C. After a few hours the seedlings were taken out of the oven and 
ground to a fine powder which was then returned to the oven and dried to 
constant weight. 

The total loss in weight, total nitrogen, total non-protein nitrogen, and 
protein nitrogen were calculated in terms of the ‘fresh’ weight of the tissue. 

Size of seed sample and reasons for the removal of the testa. Samples of 50 
to 120 seeds were used for each experiment. 

There is considerable variation in the amount of germination within a 
given period shown by individuals of a batch of seeds. Thus ideally it were 
best if the rate of protein breakdown could be followed for a single seedling. 
The principle of studying the behaviour of a single seedling is practicable in 
the case of CO, evolution if use is made of the katharometer (Stiles and 
Leach, 1931), but from the nature of the case this is not possible where chemi- 
cal analyses are concerned, since it is necessary to kill a seedling to make an 
analysis. ‘This of itself limits the application to biochemical and physiological 
investigation of such delicate methods as those of Pregl’ since considerable 
individual variation occurs in the amount of any class of organic substance 
present in the tissues of organisms. Where chemical analyses have to be 
made on tissue material it is an advantage to work with fairly large samples 
even when a pure strain is used for the investigation. 

The results of chemical analysis with fair-sized samples should agree fairly 
closely in accordance with the principle of variation around a mean. In con- 
sidering the germination of seeds, however, other factors have to be taken 


* In addition to this, the Pregl methods are essentially a system of elementary analysis. 
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into consideration. These more particularly concern the testa, which may 
vary in thickness and certainly varies in its degree of looseness or tightness. 
Again, the testas of some seeds show a slight break in the region of the radicle, 
some distance above the tip. From such facts as these it is to be expected that 
seeds with testas left intact will show greater variation in amount of germina- 
tion within a given time than seeds from which the testas have first been re- 
moved. This view is borne out by the comparisons made by Stiles and Leach 
of CO, output during the early stages of germination in Lathyrus odoratus 
seeds with and without testas, for the sequence of CO, evolution during the 
first few days of germination is much more regular in seeds from which the 
testas have first been removed (Stiles and Leach, 1932). 

A second reason for removing the testa is the nature of the testa itself, 
which is horny and difficult to pound into a powder, and thus the inclusion 
of testa in ground tissue would lead to greater heterogeneity and so would 
increase sampling errors. 

The seeds of Lathyrus odoratus are not easily attacked by fungi and bacteria 
even after the removal of the resistant testa. Those few seedlings which were 
attacked by parasitic organisms were dried separately and the dry weight 
added to that of the rest of the batch, but they were not included in the 
tissue used for analysis. 


EXPERIMENTAL 


Loss of respired material. Below are given figures for the loss in weight 
during the stated intervals. In each case the loss in weight is corrected for 
the water content of ungerminated seeds, and thus the value sgiven represent 
loss of respired material.! 


o-2 days. 2-4 days. 4-6 days. 6-8 days. 

518% 2°83% 1°43 % 3°59% 
8-10 days. o-1 day. 1-2 days. 
2°39 % 3°19 % 1°99 % 
The maximum loss in weight takes place during the first forty-eight hours, 
and particularly during the first twenty-four hours. During this same period, 
as would be expected, Stiles and Leach found the maximum output of CO, 
in seeds divested of testas. 

Protein breakdown during a ten-day germination period. The results are 
summarized in Table I. 

The data presented indicate that during the first two days of germination, 
when CO, evolution and loss of respired material are at their maximum, there 
is but little protein breakdown. After the first two days the rate of protein 
breakdown increases very markedly until the sixth day of germination. 


* The percentage values for a given time interval were obtained by subtracting from the 
total loss in weight the total loss in weight for the preceding time interval. The loss in weight 
for the first twenty-four hours was obtained by subtracting the average water content of 
ungerminated seeds from the total loss in weight. 
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From the sixth to the tenth day the rate of protein breakdown remains fairly 

constant, but is at a lower level than during the second to sixth day, but at 

rane higher level than during the first to second day of germination 
get) 


0 


7 PROTEIN BREAKOOWN 


0 “C5 é 6 oe 4) 
DAYS 


Fic. 1. Graph showing extent of protein breakdown at different 
time intervals during germination of Lathyrus odoratus. 

Protein nitrogen of ungerminated seeds (4:66 per cent.) taken 
as 100. Value for protein nitrogen obtained in every case by sub- 
tracting total non-protein nitrogen from total nitrogen content of 
ungerminated seeds (Table I, fourth column). 


It should be noticed that after two days’ germination the total nitrogen falls 
to the level of 4-9 per cent., showing a tendency to decrease in value as the 


t The curve obtained from the data given in the last column of Table I differs from Fig. 1 
in that the rate of protein breakdown is somewhat greater between the second and fourth 
day as compared with the fourth to sixth day in Fig. 1. In both cases the period of greatest 
protein breakdown occurs between the second and sixth day of germination. 
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period of germination is extended. Consequently there are two possible 
values for the protein nitrogen content of seeds after ten days’ germination, 
viz. non-protein nitrogen content of seeds subtracted from the value obtained 
for total nitrogen in ungerminated seed material, and, secondly, the non- 
protein nitrogen subtracted from the value obtained by direct determination 


TABLE I 
Length Protein nitrogen (total 
of Total Protein nitrogen nitrogen determined 
germina- Total non- (52% nitrogen for each experiment 
tion loss in protein minus non-protein Total minus non-protein 
period, weight, nitrogen, nitrogen), nitrogen, nitrogen), 
days. percent. percent. per cent. per cent. per cent. 
° 12°59(4)* 0°545(2) 4°66(2) 5°21(2) 4°66 
I 15°78(5) 0°626(2) 4°57 5°19(3) 4°56 
2 17°76 0°698 4°50 5G 4:60 
4 20°59 0°970 4°23 4°92 3°95 
6 22°02(2) 1°370 3°83 496 3°59 
8 25°61 1-612 3°59 4°94 3°33 
10 28:00 1°877 Base) 4°875 3°00 


* The figures in brackets indicate the number of estimations (as distinct from ‘duplicate 
determinations’) from which the average value is obtained. 


of total nitrogen in seeds after ten days’ germination. The values are 2°33 
per cent. and 3-00 per cent. respectively. Taking the protein value of un- 
germinated seeds (29:13 per cent.) as 100, we get 28-7 and 35:67 as the 
corresponding values for the percentage protein breakdown. 

Nature of the slight decrease in total nitrogen content. The decrease in total 
nitrogen recorded after two days’ germination is probably due to the ex- 
osmosis of water-soluble nitrogenous compounds. This seems especially 
probable as the period of greatest rate of protein breakdown and that of de- 
crease in total estimated nitrogen coincide. 

In this connexion attention may be called to the work of Davidson (1923) 
regarding the constancy of the nitrogen content of germinating wheat and 
cow pea seedlings. These investigations showed that when seeds were germi- 
nated and subsequently digested in the same Kjeldahl flask, no significant 
fluctuations were obtained in total nitrogen content during germination. This, 
of course, is what would be expected from the corpus of investigation and 
theory concerning the nitrogen metabolism of the higher plants. Still, a loss 
of nitrogen has been claimed by some investigators. 

Increase in amino-nitrogen during the first three days of germination. The 
following values were obtained for amino-nitrogen by the micro Van Slyke 
method (Chibnall and Westall, 1932). 


Per cent. of total Per cent. amino- 
non-protein _nitrogen on a dry 
nitrogen. weight basis. 
Ungerminated seeds . ‘ ! : : 26-2 O'12I 
Seeds germinated three days ; : ; B72, 0°329 
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Estimations were also carried out, using the Willstitter titration method for 
amino-nitrogen, and the following values obtained: 


Per cent. of total 
non-protein 


nitrogen. 
Ungerminated seeds . : : c 23°5 
Seeds germinated three days : F ‘ 33°0 


DISCUSSION 


A germinating seedling presents a dual system. The food storage tissues 
are centres of breakdown of more complex to less complex and soluble sub- 
stances and the growing regions are centres where there is active building-up 
of cell structures and protoplasm. The chief group of chemical substances 
involved will vary with the species. In most cases the chief storage products 
are fats (Stiles and Leach, 1932a), in others polysaccharides (usually starch), 
and in the smallest group proteins at least form a considerable percentage of 
the stored material. A great deal of the breakdown products in the case of 
oils and carbohydrates become dissipated as carbon dioxide and water in the 
process of respiration. In this way, as also by the breakdown of more complex 
to simpler compounds, energy is liberated, some of which is utilized by the 
growing plant while the remainder is radiated as heat. Some of the energy 
liberated in the storage centres by the breakdown of more complex substances 
will have to be replaced in resynthesis of these compounds in the growing 
regions. This applies more particularly to proteins. 

During germination, protein is broken down in the cotyledons into soluble 
nitrogen compounds which are transferred to the growing plumule and radicle 
where resynthesis of protein is taking place. If, however, the rate of protein 
breakdown is markedly in excess of the rate of protein resynthesis, a surplus 
of energy will become available to the young seedling. 

It has been shown that an increase in the amino-acid content of leaves 
results in an increased liberation of carbon dioxide (Spoehr and McGee, 
1923). hus in the case of germinating seedlings which are not suffering 
from carbohydrate starvation, it would seem that an excess of protein break- 
down over protein resynthesis might result in energy derived from the stimu- 
lating effects of accumulating amino-acids on carbohydrate respiration in 
addition to the energy from excess protein breakdown over protein resynthesis. 
The maximum CO, evolution of germinating Lathyrus odoratus seeds de- 
prived of their testas was, however, usually recorded by Stiles and Leach 
within the first thirty hours; while this investigation has shown that there is 
but little protein breakdown during this period. At the end of three days 
germination, the amino-nitrogen had increased from 0-121 per cent. to 0-329 
per cent., expressed on a basis of dry weight of tissue. ‘These data indicate 
that amino-acids were accumulating when the rate of CO, output had already 
passed the maximum and had reached a more or less constant level. The 
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figures for total loss in weight show the same essential sequence as the CO, 
evolution curves. This would seem to indicate that the energy liberated during 
the earlier period of germination may be far in excess of that needful for the 
metabolic activity of the seedling, or else that the seedling makes use of the 
increasing energy which becomes available through the widening ratio of 
energy liberated by protein breakdown to energy utilized in the resynthesis 
of protein. 

The possibility of protein respiration as distinct from protein breakdown 
has to be borne in mind. In order to throw further light on this question 
it would be necessary to carry out a series of analyses on the changes in 
distribution of the soluble nitrogen fractions during germination. A marked 
fall in amino-acid nitrogen might be significant, also an accumulation of 
amide nitrogen or ammonia nitrogen, as indicating the respiratory decomposi- 
tion of organic acids ultimately derived from proteins. 


SUMMARY 


1. Analyses were carried out on seeds divested of their testas and with 
samples of 50 to 120 seeds. 

2. Protein was precipitated by the Barnstein modification of the Stutzer 
process and protein nitrogen estimated by deducting the total non-protein 
nitrogen determined by the micro-Kjeldahl method from the total nitrogen 
determined by macro-Kjeldahl estimations. Both macro- and micro-Kjeldahl 
estimations were modified for the presence of nitrate which occurs in the 
embryo but not in the testa. 

3. The total nitrogen of ungerminated seeds of Lathyrus odoratus, L., 
var. ‘What Joy’, is 5-2 per cent. on a fresh weight basis. About 4-7 per 
cent. of this is protein nitrogen. Multiplying the protein nitrogen by the 
conventional factor, 6-25, a value 29:13 per cent. is obtained for protein 
(33°6 per cent. on a dry weight basis). Thus about one-third of the total 
organic matter of ungerminated seeds of Lathyrus odoratus consists of 
protein. 

4. During the entire experimental period of ten days’ germination about 
a third of the protein undergoes decomposition. 

5. During the first two days of germination, when the carbon dioxide 
output and loss of respirable material are greatest, there is but little protein 
breakdown. 

6. The greatest intensity of protein breakdown occurs from the second to 
the sixth day of germination. 

7. From the sixth to the tenth day the rate of protein breakdown is more 
or less uniform and proceeds at a lower level than from the second to sixth 
day, but at a higher level than during the first two days. 

8. Amino-nitrogen increases from 0-121 per cent. to 0-329 per cent. during 
the first three days of germination. 
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This work was carried out in the Botany Department, Birmingham 
University. I wish to thank Professor A. C. Chibnall for his valuable advice 
and help and for his courtesy in allowing the writer to learn the semi-micro 
methods of protein analyses in his laboratory. 
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Studies on the Nitrogen Metabolism of Plants 


I. The Relation between the Content of Proteins, Amino-Acids, and 
Water in the Leaves 


BY 
A. H. K. PETRIE 
AND 
J. G. WOOD 


(From the Waite Agricultural Research Institute and the Department of Botany, the University 
of Adelaide’) 


With seven Figures in the Text 


INTRODUCTION 


UR knowledge of certain aspects of plant metabolism has been consider- 

ably advanced by studies of the dynamics of the processes concerned. 
This has not been the case for nitrogen metabolism, doubtless mainly because 
of the difficulties of measuring momentary rates; here the approach has been 
made by the study of the relations among the amounts present in the tissues 
of various substances that are affected by the metabolic sequences. Much 
quantitative information, however, is still required about the factors deter- 
mining these relations, in order to throw further light on the nature of the 
physiological processes concerned. The present work is devoted to the 
investigation of such determining factors. 


‘THE REACTIONS INVOLVED IN NITROGEN METABOLISM 


As a basis for this work a schema is presented which seems the best repre- 
sentation obtainable from existing knowledge of the sequences of reactions 
involved in nitrogen metabolism. References to the older literature are 
omitted, as they may be found in works such as those of Onslow (1931) and 
Robinson (1929). ‘The schema is confined to the system represented by the 
leaves of the plant, and the case will be considered where the plant is supplied 
with nitrogen in the form of ammonium compounds. Consideration is 
omitted of the case of the plant supplied with NO,-ions and of any possible 
formation of these ions in metabolism, but the schema would cover the case 


This investigation is one of a series financed co-operatively by the Carnegie Corporation 
of New York, the Australian Council for Scientific and Industrial Research, and the University 
of Adelaide. 
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of the plant supplied with amino-acids or amides. The following processes 
are then recognized: (1) The arrival of ammonia-nitrogen in the leaves. (2) The 
formation of glycolysis products in respiration, and their disappearance in 
oxidation to carbon dioxide, in conversion to organic acids and in other ways. 
(3) The synthesis of amides (mainly asparagine and glutamine) from am- 
monia and organic acids, derived as in (1) and (2) (Mothes, 19334; Virtanen 
and Tarnanen, 1932). Amides may also be broken down to re-form ammonia 
and carbohydrate residues. (4) The combination of compounds derived from 
glycolysis products with ammonia nitrogen to form amino-acids, and their 
de-amination to re-form ammonia nitrogen and organic acids. (5) The syn- 
thesis of proteins. It is not yet known whether amino-acids condense to form 
proteins, or whether they are produced only on protein hydrolysis,‘ the up- 
grade process following another path. Grassmann (1932) states that the 
hypothesis that proteins are built up en bloc from separately synthesized units 
more complex than amino-acids (cf. Onslow, 1931) is now regarded as less 
probable. On the other hand, Alcock (1936) suggests that a simple unit is 
first formed, which polymerizes to form a basal substance from w ich the 
various proteins are subsequently differentiated. (6) The combination of 
ammonia nitrogen with various substances to form other nitrogen compounds 
grouped together as residual nitrogen;? these can probably be broken down 
again to the compounds from which they are derived. (7) The translocation 
of synthesized compounds away from the leaf. All the crystalloidal com- 
pounds of nitrogen are probably capable of being translocated. 

We thus visualize a network of reactions. It is possible that, where a 
substance is synthesized and hydrolysed, the two processes may each proceed 
along alternative paths, but the natural tendency to proceed along one path 
in a certain direction may be opposed by other metabolic activities. It is in 
fact possible that, whether one or more intermediate paths exist, the reactants 
and products in certain reactions in this schema never reach equilibrium 
with one another but are maintained at non-equilibrium concentrations by 
the expenditure of energy by the living system. 


EXPERIMENTAL METHOD 


We may expect many factors to influence the rates of processes in nitrogen 
metabolism, and consequently the amounts of substances present in the leaf 
at any time. The ideal experimental method would be the alteration of these 
factors singly; in practice this is difficult since alteration in one factor tends 
to alteration in others. The method actually adopted was to submit plants, 
placed under constant conditions of light, temperature, and water supply, 
to treatments designed to cause variations in the factors whose effect it was 


! Chibnall (1922) believes that amino-acids are built up into proteins but that degradation 


takes place directly into residual nitrogen: this does not seem an inevitable conclusion from 
his data. 


2 In practice diamino-groups of amino-acids are included in the residual nitrogen. 
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desired to investigate. With constancy of the environment there was a greater 
probability that a steady state might be approached in the leaves than with 
an environment fluctuating in a random manner. Attainment of a constant 
steady state was not, however, expected: the fact that the external solution 
drifted in composition as its components entered the plant would alone have 
been sufficient to prevent this. But it was possible that conditions may have 
been such as would facilitate an approach to a drifting steady state. In such 
a state the changes in the factors defining the state of the system are so slow 
that they result in a succession of states, each of which is inappreciably 
removed from a steady one.’ The attainment of a drifting steady state is 
thus dependent upon the drift in the factors that determine the steady state 
being slow in comparison with the rate of approach thereto. An approach 
to this state was desirable since the effect of factors determining the amounts 
of substances taking part in metabolism might thereby be more clearly 
revealed. 

At intervals a certain number of plants were examined with respect to 
the content of various nitrogen compounds in their leaves, and also with 
respect to other attributes that were regarded as probable factors determining 
these contents. Three experiments that have been carried out will be 
described and the results examined in detail. 


DESCRIPTION OF EXPERIMENTS 


Material 


For each experiment, plants of a pure line grass, Phalaris tuberosa L. or 
Lolium multiflorum Lam., were grown in jars in the glasshouse; four were 
grown in each jar, which contained 3-75 kg. water-washed sand maintained 
at 60 per cent. of its saturation capacity by addition of distilled water. Six 
days after sowing, the following nutrients were applied in solution: 


KCl ; é . 03 gm. per pot 
(NH,).SO, on Sex 0:6 f5,5 3 
MgSO,.7H,O . Onsen r 

; Ca(H,PO,), : ¥ O-On is re 
FeCl, ; : OHONS 5; 5 


At intervals of about three weeks, two subsequent applications were made, 
each of the following: 
(NH,).SO, ; . 03 gm. per pot 
NaOH . mo DOSS a) 
Sodium hydroxide was added to counteract the acidity due to rapid uptake 


of the ammonium radicle; the amounts were chosen in the light of observa- 
tions on the pH of the nutrient solutions in water. 


© This concept is that of the ‘moving equilibrium’ of Lotka (1925). 


36 Petrie and Wood—Studies on the 


Differential Treatment and Sojourn under Constant Conditions 


When the plants were ready for the experiment, a number of pots were 
placed in two cabinets under constant conditions of light and temperature, 
and with a steady stream of air circulating. The light intensity was approxi- 
mately 800 metre-candles, as determined by a Holophane lumeter, and the 
temperature 24°C. During their sojourn in the cabinets the pots were 
brought up to their correct water content daily. 

Twenty-four hours after the pots were placed in the cabinets, differential 
treatments were applied. The treatments consisted of either the application 
of doses of nitrogen compounds, or else, in one experiment, the reduction of 
the water content of certain pots to a lower level. Certain pots were kept 
untreated. The treated and untreated pots were all distributed in a random 
manner. After a further period of twenty-four hours, and also on the ensuing 
two or three days, four pots per treatment (in Experiment III, six pots) were 
removed in a random manner in order that the plants might be investigated. 
The removal always followed the same order of treatments and was spread 
over eight to twelve hours on each day. This removal of pots tended to cause 
the atmospheric humidity in the cabinets to fall; the temperature, however, 
remained unchanged, and shading effects were only slightly altered. 


Investigation of the Plants 


In Experiments I and II three plants from each pot were used for analysis. 
The remaining plants provided material for respiration determination. In 
experiment III the plants from the extra two pots were all used for analysis. 
The leaves were rapidly severed at the ligule as each pot was removed; only 
two or three leaves at the base were dead or senescent, and these were rejected; 
the rest were weighed in groups corresponding to the pots. 

The leaves for analysis were bulked and cut into lengths of } to 4in. Two 
10-gm. samples were removed for estimation of nitrogen compounds; two 
further samples were weighed out and dried at 85° C. to constant weight for 
water-content determinations; and from a final sample the sap was expressed 
hydraulically under a pressure of 74 atmospheres, and its pH immediately 
measured with a quinhydrone micro-electrode. 

Immediately after cutting, the material for respiration measurement was 
placed in chambers and a stream of carbon-dioxide-free air drawn through 
at arate of approximately eleven litres per hour. Carbon dioxide was absorbed 
in Reiset towers, and measurements were made at 24° C. at intervals of 14 
hours, following a stabilization period of 45 to 60 minutes. When these 
measurements were completed, the dry weight of the material was determined. 

The samples for analysis were finely ground with purified sand and 20 ml. 
10 per cent. sodium tungstate mixed with 20 ml. 2 N sulphuric acid. The 
precipitate was filtered and washed, and its nitrogen content, determined by 
the macro-Kjeldahl method, gave the ‘protein nitrogen’ fraction. It must be 
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understood that this fraction, although so termed, may have included other 
forms of insoluble nitrogen. The filtrate was removed before the precipitate 
was washed and a 25-ml. portion was distilled with lime-water under reduced 
pressure at 40° C. ‘The ammonia released was trapped in sulphuric acid and 
estimated by Nesslerization to obtain the ammonia-nitrogen fraction. The 
residue was subsequently hydrolysed and amide-nitrogen similarly deter- 
mined. A 4-ml. portion of the filtrate was used for estimating amino-nitrogen 
by the van Slyke method, and a s-ml. portion was set aside for total-soluble 
nitrogen determination by the micro-Kjeldahl method. A final portion of 1 
or 2 ml. was used for reducing-sugar determination by Benedict’s modification 
of the Folin-Wu method. 

The procedure of the harvest days was carried out without delays by a team 
of workers. Care was taken to harvest, prepare, and analyse the material as 
rapidly as possible to avoid the onset of changes in composition. 


Expression of Results 


Using the mean dry weights determined from the cut samples and the 
respiration material, the analytical and respiration data were placed on a dry- 
weight basis. The amide-nitrogen values were doubled in the usual manner 
to give total nitrogen in the amides, and the residual amino-nitrogen was 
calculated by deducting the original amide-nitrogen values from the total 
amino-nitrogen values. 

As the respiration rate declined with time, an extrapolation was performed 
for each sample of material to obtain an estimate of the value appropriate to the 
time at which the sample was placed in the dark in the respiration chambers. 

From the dry-weight determinations on the bulked leaves and the fresh- 
weight values for each of the four pots used for analysis, an estimate was made 
of the dry weight of the leaves of each pot (excluding those of the plants 
used for respiration determinations). 


Experiment I 
Seeds of Phalaris tuberosa L.. were sown on March 5, 1935. The pots were 
placed in the cabinets on June 3. Seven treatments were applied on June 4. 
They were as follows: 


Ls Nae’ . © gm. (NH,),SO, per pot 

Nr Meio en be # 

IN2Fe ZO us; 3 + 

ING 4 A On ss a i 

Nq4 . te as _ 

ee . o gm. (NH,),SO,+6:'5 gm. K,SO, per pot 
KN. Sf E:Olbets} sy +5°5 > i 5 


Plants were removed for investigation on June 5, 6, and 7. The results are 
given in Tables I and IV. 
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Experiment II 


Seeds of Phalaris tuberosa L. were sown on May 25, 1935. The sojourn under 
constant conditions extended over five days, commencing on September 14. 
Harvests were made each day on September 16-19. The pots for the first 
three of these days were placed in the cabinets on September 14, and those 
for the last day on September 16. The following treatments were applied 
twenty-four hours after the appropriate pots had been placed in the cabinet: 


Coke . No extra nutrients 

Nig . 2:0 gm. (NH,),SO, per pot 
N2. a A*O = 49 oe 

N3 g su J O53 ” ” 
le . 2:0 gm. asparagin per pot 
A2. seth Shen 34 x “A 

AB 2 7:9 as 3 # 


Pots of only certain of the treatments were examined each day. In the pots 
of C, day 4, the water content was allowed to fall. The results are given in 
Tables II and V. 


Experiment LIT 


Seeds of Lolium multiflorum Lam. were sown on June 26, 1935. The pots 
for examination on the first two days were placed in the cabinets on November 
19, and those for examination on the third day on November 21. Five 
treatments were applied twenty-four hours after the pots had been placed 
in the cabinets. They were as follows: 


Cae: . © gm. (NH,),HPO, per pot 
NI . aa l{OOu,, _ A 
N2 = 83°00"; * - 
NBES 5 whee =A 5 _ 
Nq . > 725 ae + Rr 


Plants were removed for investigation on November 21, 22, and 23. The 
results are given in Tables III and VI. 

Ammonium phosphate was used in this case instead of ammonium sulphate, 
as the experiment was designed for the additional purpose of studying sulphur 
metabolism, and it was desired that the SO,-ion supply should remain 
constant. 


DISCUSSION OF RESULTS 


The Dry Weight Data 


Some interest attaches to the examination of the dry weight data, the mean 


values of which, with results of analyses of variance, are presented in Tables 
J-II1. 


Day. 


Day. 
I 
2 


3 
Treat- 
ment 
meanis 
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TABLE I 
Mean Dry Weights, Experiment I 


‘Treatment. 

Ge Nir. N2. N3. N4. K. KN. 
2°90 2°32 2°82 2°66 2°44 2°65 2°93 
3°07 3°15 2°56 2°68 2°89 2°79 2°63 
3°04 2°94 2°65 2:87 2:19 2°90 3:00 
3°00 2°80 2°68 2°74 Pas 2:78 2°85 

Time, treatment, and interaction insignificant. 
Standard error of mean of 4 pots = 0:22. 
Coefficient of variation = 7:9. 
TABLE II 
Mean Dry Weights, Experiment II 
Treatment 
C. Nt. N2. N3. Al. A2. 
3°54 3°24 3°41 3°46 3°60 3°36 
Ni N2 N3 AI A2 
3°55 3°42 3°76 3°27 3°81 3°48 
Ni N3 AI Aza Az2b 
cw) 3°96 3°89 3°33 3°27 3°57 
Ca Cb Cc N 
2:22 2°52 2°80 3°06 
General mean = 3:23. 
Treatment significant at 1 per cent. point. 
Standard error of mean of 4 pots = 0:238. 
Coefficient of variation = 7:37. 
TaB_e III 
Mean Dry Weights, Experiment ITI 
‘Treatment. 

C. Nr. N2. N3. Ng. 
2°63 2°65 2°65 PE CYO 2°38 
2°64 2°59 255 2:98 2°88 
2°63 2°55 2°91 3°31 2°75 
2°63 2°59 2°70 2°86 207 


Time, treatment, and interaction insignificant. 
S.E. of means of 6 pots = o-21r. 
Coefficient of variation = 7°83. 


39 


Day 
mean. 
2°67 
2°82 
2:80 


2°76 


A preliminary experiment, on the lines of those described in this paper, 
showed a significant increase in the dry weight of the leaves during the first 
twenty-four hours sojourn in the cabinets; but during the next two days no 
further significant increase could be demonstrated. ‘The increase during the 
first day may have been produced partly at the expense of reserves, draw 
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from other parts of the plants,’ that had been laid down when the plants 
were growing at high light intensity in the glasshouse; growth thereafter may 
have been dependent mainly on carbohydrates synthesized under the low 
light conditions of the cabinets, which would account for its apparent insigni- 
ficance. In view of this result, in subsequent experiments twenty-four hours 
were allowed to elapse before applying treatments, as it was thought that the 
data might be more comparable if the basis upon which they were expressed 
did not significantly vary. 

From Table I it can be seen that neither time nor treatment could be 
shown to have had a significant effect on the dry weight in Experiment I. 

In Experiment II (‘Table IT) the effect of time on the dry weight could not 
be determined as a whole, owing to the fact that the treatments differed to a 
certain extent on different days. Each treatment on each day was therefore 
regarded as a separate one, and only the variance due to treatment was 
removed from the total variance. The effect of treatment was thereby found 
to have been significant. Where plants of the same treatment were examined 
on two or more successive days, however, no significant increase with time 
was revealed. The only significant differences in dry-weight means are the 
depressions produced by the low-water treatments of day 4. 

Two factors might have contributed to these depressions. Firstly, the 
decreasing water content would increase the concentration of solutes in the 
leaf cells; furthermore, decreasing water content produces starch hydrolysis 
and high sugar concentrations (see Table V), as has already been shown by 
Iljin (1930), Vasiljev (1931), and others; the rate of translocation of solutes 
out of the leaves would probably therefore have been increased, and this 
would cause a reduction in dry weight. Secondly, the results show that 
respiration rate was increased. The rate of carbon assimilation may also have 
decreased with decreasing water content: decrease in rate of apparent assimila- 
tion with decrease in water content was shown by Thoday (1910), Iljin (1923), 
Brilliant (1924), Mayer and Plantefol (1926), Walter (1929), and Vasiljev 
(1931). The balance in other treatments between photosynthesis and respira- 
tion was such as to preserve the weight of the leaves approximately constant; 
if then photosynthesis was decreased and respiration increased in rate, loss in 
weight would occur. If photosynthesis were not taking place, the measured 
rate of respiration on day 4 (if it had maintained the same value for the whole 
four days) would have been sufficient to account for a loss in weight of the 
order observed. 

Experiment III (Table III) shows again no significant effect of time or 
treatment. In plants of N3 there is a large difference between the day 1 and 
day 3 means, but this difference still lies within the range of experimental error. 


* From the work of Richardson, Trumble, and Shapter (1932) it is apparent that the leaves 
constitute only a comparatively small portion of the plant in Phalaris tuberosa. 

? This does not mean that the light intensity was at the compensation point, because 
other parts of the plant may have increased in weight. , 
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Although no significant increase in dry weight of the leaves could be 
demonstrated in these experiments, this does not mean that ontogenetic 
drifts did not occur. Decrease in weight of senescent leaves might have 
compensated for an increase in that of adolescent leaves, although leaves 
obviously senescent were not included in the material examined. Further- 
more, differentiation, morphological and chemical, might have taken place 
in adolescent leaves even if they did not change in dry weight, and such 
differentiation might cause drifts in factors determining amounts of nitro- 
genous substances in the leaves. 


Protein-nitrogen Content and other Variables 


It is proposed in this paper to confine attention to the relation of the 
amounts of proteins in the leaves to various factors, and to leave the full 
consideration of the relationships of the soluble nitrogen compounds for a 
subsequent paper. It is also proposed to analyse the data firstly from the 
viewpoint that proteins may be synthesized by condensation of amino-acids, 
so that we shall look firstly for a relation between the amounts of protein 
and amino-acid nitrogen present. Subsequently the data will be considered 
from the viewpoint of the other hypothesis, that proteins are produced in 
other ways than from amino-acids. 


Experiment I. 


Time drifts. These are plotted for each treatment in Fig. 1. A general 
tendency is revealed in the data for C-N4' for protein-nitrogen content (P) 
to follow the drift of water content (U), which with these treatments has a 
minimum on day 2. Part of the drift of U may be due to drift in the atmo- 
spheric humidity in the cabinet, but part is also due to treatment, since the 
drifts in C, K, and KN are of another form. The sap pH also drifts in the 
same manner, except in C, where it increases with decrease in U. The amino- 
nitrogen (A) curves show kinks on day 2, but the drift is on the whole positive 
in Nr and N3 and negative in C and N4; the drift of P is also characterized 
in this way. These relations are not exhibited in the same manner in K and 
KN, but here the different potassium content may have been a factor deter- 
mining the form of the drift. 

The suggestion is that P may be related both to A and U and possibly also 
to sap pH. 

Treatment effects. These are plotted for each day in Fig. 2; U and A show 
a marked negative correlation, except between C and Nr; there is also a 
marked similarity in the effects on P and pH. 

Regression functions. The data have also been examined to see whether 
any common relationships hold among them as a whole. If a drifting steady 
state had been approached at each point of analysis, and the main factors 


* Henceforward symbols, such as C, N1, &c., will be used to indicate plants to which the 
treatment so defined had been applied. 
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TABLE IV 
Results of Experiment I 
Treatment. 
—— 1S 
Day 1 CG Ni. Nz. N3. N4. K. KN. 
NH,-N ? : i ah 8 19 110 397 16 32 
2 x amide-N ‘ ‘ 149 153 167 200 509 156 172 
Res. amino-N : 134 I51 153 178 314 179 158 
Total amino-N . * 96209 228 237 278 569 257 244 
Residual N. : : 188 308 172 213 309 151 174. 
Total sol. N : - 478 620 511 FOI 1529 502 536 
Protein N x 107! . : 278 289 287 283 286 254 251 
otaliNeqros = oe 1326 351 338 353 439 304 305 
Water ; ‘ LOOT, 700 690 639 567 648 610 
pH . . S45 0:84 = 0°30) 9577 00:07 4a 0°33 at 06 
Red. sugars X 1071 307 409 378 365 283 313 664 
Resp. rate . j - ts 3°2 2°7 39 46 3°5 4'1 
Day 2 
NH,-N ‘ : ; 16 14 18 147 316 19 18 
2 X amide-N F : 88 180 184 269 308 94 136 
Res. amino-N : 114 139 134 196 288 II5 160 
Total amino-N . ers S 229 226 331 442 162 228 
Residual N. ; ae, 120 145 170 153 38 143 138 
Total sol. N F eases 478 506 765 950 371 442 
Protein N x 107? . 5) ABT 271 278 264 262 257 266 
Total Nx107! . a - Bhi 319 324 341 257 294 310 
Water : : - 648 606 598 579 465 669 631 
pH . : : “paeS Olor! 57949 4.6184) 005-65i © 15270 F 1 5:80Nh 5:05 
Red. sugars x 107 6. BAG 613 438 631 483 669 434 
Resp. rate . : : 21 2'9 2°6 38 5'0 2°5 aes 
Day 3 
NH,-N : : ‘ 2 12 21 131 405 13 17 
2 < amide-N ; : 64 92 122 159 519 43 212 
Res, amino-N : 105 212 257 323 234 144 156 
Total amino-N_ . 37 258 318 403 494 166 262 
Residual N. : : 190 361 305 205 519 198 200 
Total sol. N F meab2 677 705 818 1677 398 585 
Protein N x 107! . ee sO) 305 319 292 269 238 263 
WotalgN <1om = LB 378 390 384 437 278 322 
Water : : P 644 710 679 619 506 630 604 
pH . HE 5585 | OTSA SS ZOU S 95 PS S4is-g5 8 s*76 
Red. sugarsx1o-". 495 388476339 471 436 4397 
Resp. rate . 5 : 353 3°6 3°8 3°9 3°6 2°9 3°0 


Nitrogen fractions and reducing sugars in mg. per 100 gm. dry weight. 
Water in gm. per 100 gm. dry weight. 
Respiration rate in mg. CO, per gm. per hour. 


determining this state had been taken into account, such relationships would be 
expectéd. The similarity in the drifts of certain quantities does not, of course, 
signify that a drifting steady state was approached, as there may have been a 
lag in the drift of the dependent variable. However, to seek for common 
relationships the partial regressions have been determined of P on A, U, and 
other variables. 
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The results of these determinations are summarized in Table VII. In this 
table is included the percentage of the variance of protein nitrogen ascribable 
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Fic. 1. Drifts with time in the contents of nitrogen compounds and water in 
the leaves and in the pH of the expressed sap, Experiment I. The nitrogen com- 
pound values are given in mg. per 100 gm. dry matter, and the water values in gm. 
per 100 gm. dry matter. 


to the average effect of the independent variables; the latter quantity, denoted 
by V, is obtained from the equation 


V 
ee se { —R*), 
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where n is the number of observations, p the number of independent variables, 
and R the multiple correlation coefficient of P with the independent variables. 
Various regression functions have been fitted, and in each case the one 
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Fic. 2. Treatment effects on the contents of nitrogen com- 
pounds and water in the leaves and on the PH of the expressed 
leaf sap, Experiment I. The nitrogen compound values are 
given in mg. per 100 gm. dry matter, and the water values in 
gm. per 100 gm. dry matter. 


yielding the highest value of V is presented; in some cases more than one is 
presented for comparative purposes. Separate equations are given for residual 
amino-nitrogen (A,) and total amino-nitrogen (47), but there seems no 
theoretical reason why the amino-group of the amides should not take part 
in protein synthesis, and actually the agreement between observed and 
calculated values with A, and A, tend to be equally good. The data for K 
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and KN were excluded in fitting the regressions for this experiment, as it 
was considered that the potassium sulphate may have had a specific effect on 
the system. Inclusion of a term for respiration rate caused the fit to be 
worse. 

The agreement between observed and calculated values obtained with these 
equations is high, as shown by the values of V. Differences between observed 
and calculated values are usually less than 5 per cent. of the value of P; as 
the values of P.,;,. are subject to the accumulated experimental error asso- 
ciated with the estimation of the values of each independent variable, this 
degree of correspondence is clearly high. It therefore seems that, on the 
whole, little variation in P other than that due to experimental error is 
unaccounted for by the regression equations. This does not mean that pH 
and U are the only varying factors that have influenced the P—A relations; 
but other factors, if appreciable, are evidently so correlated with pH or U 
that the form of the function takes them into account. 

Values for P.,,.. are plotted in Figs. 1 and 2 for equations (1) and (2); they 
do not suggest that the fit is better on any given day of the experiment, and 
the differences do not show any significant drift with time. The drifts with 
each treatment are well accounted for. It is noticeable that the most marked 
discrepancies between observed and calculated values occur in C and N4, 
where extreme values of the independent variables are to be found. Values 
for K and KN in Fig. 1 were calculated from the equations obtained from 
the data for the plants with the other treatments. It is clear that potassium 
sulphate has had a specific effect. 


Experiment IT. 

Time drifts. As all the pots were not placed in the cabinets on the same 
day, not all the data can be used in considering these drifts. Those plotted 
(Fig. 3), however, show that the drifts differ in direction from those in 
Experiment I; U for the most part declines with time, although the drifts and 
treatment effects, except in A3, are small compared with those in the previous 
experiment; in fact, we here tend to have a system in which U has remained 
comparatively constant. Inspection of Table V shows that this holds also 
for pH of sap, so that we may here see the relation to A more clearly revealed. 
Actually the drifts in P and A follow the same direction. 

Treatment effects. Fig. 4 shows that there is no marked negative correlation 
between U and A in this experiment. On the first three days U tends to 
remain unaffected by treatment, and the P drift resembles that of A; on the 
fourth day the treatment was designed deliberately to alter U, and low values 
of U are associated with low values of A, a state of affairs not obtained in 
the previous experiment. Fig. 5 shows the effect of the asparagin treatments 
on each day: an appreciable effect occurs only on day 2 in A3, and is asso- 
ciated with decrease in amount of protein; otherwise the protein curve follows 


the A curves. 


TaBLe V. Results of Experiment II 


Day 1 
NH,;-N 
2Xamide N 
Res. amino-N 
Total amino-N 
Residue N . 
Total sol. N 
Protein N X10! . 
Total N x 107? 
Water 
pH . P ‘ 
Red. sugars X 1071 
Resp. rate . 


Day 2 
NH,-N : 
2x amide N 
Res. amino-N 
Total amino-N 
Residual N. 
Total sol. N 
Protein NX 107! . 
Total N x 107! 
Water 
pH . : 
Red. sugars X 107 
Resp. rate . : 


1 


Res. amino-N 
Total amino-N 
Residue N . 
Total sol. N ; 
Protein N X 107! . 
Total N X 107! 
Water 

jolt e , 
Red. sugars X Io— 
Resp. rate . 


1 


2x amide N 

Res. amino-N 
Total amino-N 
Residual N. 
Total sol. N 
Protein N x 107! . 
Total N x 107! 
Water 

pH . ; : 
Red. sugars X 107? 
Resp. rate . 


5°0 


Treatment. 
Nz. N3. 
17 55 
82 183 
98 98 
139 189 
100 — 
297 357 
210 217 
240 253 
437 425 
5°95 5°69 
256 281 
4°1 6-7 
N2. N3. 
17 101 
129 193 
94 144 
159 241 
152 171 
392 609 
228 228 
267 289 
410 395 
5°96 6-05 
332 364 
3°8 4°5 
N33 Al. 
49 16 
199 130 
173-125 
272 190 
143 | 209 
564 480 
224 236 
280 284 
371mg 427, 
6:04 5°89 
354 270 
3°3 3°5 
Ce. N2. 
17 24 
68 228 
57 162 
gI 276 
217 271 
342 628 
163 256 
197 weet 
282 476 
5:37 — 5197 
1160 791 
44) 139 


Nitrogen fractions and reducing sugars in mg. per 100 gm. dry weight. 


gm. per 100 gm. dry weight. 


A3. 
22 
172 
121 
207 
194 
509 
184 
235 
294 
6-33 
533 
3°9 


Water in 


Respiration rate in mg. CO, per gm. per hour. 
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Regression functions. The data for all four days were combined to determine 
regression functions, which are again given in Table VII. Partial regression 
coefficients for respiration rate and pH were insignificant and their inclusion 
did not improve the fit. It was considered possible that the values for treat- 
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Fic. 3. Drifts with time in the contents of nitrogen compounds and 
water in the leaves, Experiment II. The nitrogen compound values are 
given in mg. per 100 gm. dry matter, and the water values in gm. per 100 
gm. dry matter. 


ments Ca, Cb, and Cc (day 4) may have been affected by injury resulting 
from the very low water contents, or have been distorted by the loss in dry 
weight (see Table II). Equation (3) was therefore fitted omitting these 
values; from the equation, protein values were then calculated for the three 
treatments; they were respectively 8-9 per cent., 3-0 per cent., and 8-6 per 
cent. higher than the observed ones. These percentages did not seem high 
enough to warrant the exclusion of these data from the regression. 

It was also considered possible that, where asparagin was supplied to the 
plants directly, the relation between A, and P would be distorted. Equation 
(4) was therefore fitted excluding the data for the asparagin treatments; the 
observed and calculated values can be compared in Table VIII. There is a 
tendency for the asparagin treatments to show negative differences, also 
shown in the comparison for the regression on the complete data (Fig. 5); 
furthermore, the inclusion of the asparagin treatment data slightly decreases 
the value of V. It does not seem justifiable at the present stage, however, 


48 Petrie and Wood—Studies on the 


to conclude that the same relationship does not apply to these data as to those 

for other treatments. . 
Individual comparisons of observed and calculated values in certain cases 

differ by greater percentages of P than in Experiment I; the goodness of fit 
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Fic. 4. Effect of ammonium sulphate treatments and varying 
water supply treatments on the contents of nitrogen compounds 
and water in the leaves, Experiment II. The nitrogen compound 
values are given in mg. per 100 gm. dry matter, and the water 
values in gm. per 100 gm. dry matter. 


of the equations as measured by V, however, is greater: this is because the 
data extend over a greater range of values of P. 

The observed and calculated values both exhibit the same general relation- 
ship to treatment, as shown in Figs. 4 and 5, even with such extremes of 
treatment as were given on day 4. The agreement is less good for the time 
drifts, but in this experiment these are of smaller magnitude than in the 


previous one, except in A3, and lie more within the limits of random variability 
of P. 
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Experiment III. 


Time drifts. These can be considered only between days 1 and 2. The drift 
in U is small except for N4. For Ni and N2, P follows the drift of A and 
the hydrolysis in N4 may be associated with the fall in U. The drift of Pin 
C and N4 seems anomalous. 
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Fic. 5. Effect of asparagin treatments on the con- 
tents of nitrogen compounds and water in the leaves, 
Experiment II. The nitrogen compound values are 
given in mg. per 100 gm. dry matter, and the water 
values in gm. per 100 gm. dry matter. 


Treatment effects. This experiment suffers again from the disadvantage of 
a marked negative correlation between U and A; a greater range of A is, 
however, explored. 

Regression functions. These are again given in Table VII and are based on 
the data for all three days. The values of V’ are lower than in the previous 
experiments. This may be partly due to the negative correlation between A 
and U, which tends to keep P constant, so that random variations in P 
constitute a comparatively large proportion of its total variance. It may also 
be partly due to the varying phosphorus supply. Figs. 6 and 7 show that the 
regression functions describe comparatively well the general treatment effects, 
but do not on the whole describe the drifts with time between days 1 and 2. 
Fig. 7 shows that P.,;.. is as a whole above P.,,, on day 1 and below on day 3. 
Perhaps, then, in this experiment we are concerned with systems at different 

966-5 E 
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TaBLe VI 
Results of Experiment IIT 
Treatment. 
a 
Day 1 (es Ni. Nz. N3. N4. 
INISIGGINT : : ; ‘ : 10 19 157 710 926 
2xXamide-N : s : - > 130 245 502 598 886 
Res. amino-N . , ; : : 108 190 324 452 433 
Total amino-N . : : : 4 ye: 313 575 751 876 
Residual N ; 3 ; : : 83 ae 17 85 210 
Total sol. N ; ‘ : : S40 477 966 1675 2035 
Protein N x 107! ; : : . 209 220 221 205 213 
Total Nx107 . ; ; : e243 268 318 B73 417 
Water ; ; : , ; » 9350 385 314 181 180 
Red. sugarsX 107" : : er iT 417 47 695 772 
Resp. rate. 5 ; é . © 23°5 4:0 Bai 277 2°9 
Day 2 
NH,-N . : : : 5 é 10 17 188 670 801 
2Xamide-N . ; 5 ; st BEE 412 629 750 ©1258 
Res. amino-N_ . : ‘ : Sy ee 280 362 466 404 
Total amino-N . : : ; Sp ae 486 677 841 1033 
Residual N 5 : F , : 67 15 110 196 233 
Total sol. N ; 5 ; ‘ ers 724 1069 1690 2230 
Protein N x 1071 : : ‘ ; 194 235 240 190 197 
Total*N xX 107! . : ; ; 220 307 347 359 420 
Water : : ; é : - 2105 368 280 172 135 
Red. sugarsX 107! . : ‘ 316 397 510 710 710 
Resp. rate. : ; : ‘ : 3°1 3°6 3°5 2°8 1°8 
Day 3 ; 
NH,-N_. ‘ . : ‘ : 12 9 79 452 845 
2xXamide-N . : : é : 82 278 532 582 510 
Res. amino-N . ; : ; j 99 180 270 412 525 
Total amino-N . é . : : 140 Buy 536 703 780 
Residual N : , : ; ‘ 51 26 28 188 139 
Totalsol.N  . ; : : m2 488 853. 1258 £1741 
Protein N x 107 : : ; e200 227 228 207 215 
Total NX107 . : ; : A aeyil 276 313 343 389 
Water 0 os es 7S 04 ae es 
Red. sugars X 107! ‘ : : ; 307 318 515 558 602 
Resp. rate. : : : : é 3°5 3°9 4°3 3°0 1°8 


Nitrogen fractions and reducing sugars in mg. per 100 gm. dry weight. 
Water in gm. per 100 gm. dry weight. 
Respiration rate in mg. CO, per gm. per hour. 


distances from a steady state, or else there are drifting factors that have not 
been taken into account. 


General conclusions. 


The picture suggested by the data is that the net rate of formation of 
protein from amino-acids decreases with reduction in the water content, or 
in other words, that the net rate of hydrolysis increases. From this it is 
probably safe to conclude that, at the steady state, the amount of protein 
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Fic. 6. Drifts with time in the contents of 
nitrogen compounds and water in the leaves, 
Experiment III. The nitrogen compound values 
are given in mg. per 100 gm. dry matter, and the 
water values in gm. per 100 gm. dry matter. 
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Fic. 7. Treatment effects on the contents of nitrogen com- 
pounds and water in the leaves, Experiment III. The nitrogen 
compound values are given in mg. per 100 gm. dry matter and 
the water values in gm. per 100 gm. dry matter. 
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TABLE VII 


Regression Equations 


All the regressions given are significant at or below the 5 per cent. point. Coeffi- 
cients significant at or below the 5 per cent. point are given in bold type, those 
insignificant in italic type. 

P = protein-nitrogen content, Ay = residual amino-nitrogen content, A, = total 
amino-nitrogen content, U = water content, V = percentage of the variance of P 
ascribable to the average effect of the independent variables, D.F. = residual degrees 


of freedom, vres. var. = square root of variance of P not accounted for by the 


regression. 
V D.F. vres. var. 
EXPERIMENT I (omitting K,SO, treatments). 
(1) P = a+b,Az+b,A,*?+b,U +b, pH 89°3. «10 59°8 
- a= —284 

b, = 6°85+1°707 

b, = 0:0118 +0-00392 

bs = 1:79 +0:282 


b, = 190 +66°3 
(2) P = a+b,A7+6,U+6, pH 74°5 II 92°6 
a = —350 


b, = 1:13 +0:287 
by = 2:25 +0°531 
bs = 235 +101°4 


EXPERIMENT II (omitting low water treatments). 

(3) P = a+b,Apg+b,U 724 15* 183°9 
a= 918 
b, = 3-50 +0630 
b, = 2:09 +0682 


EXPERIMENT II (omitting asparagin treatments). 

(4) P = a+6,A,+6b,U 90'9 12 gio 
a = 833 
b, = 2:55 +0-361 
bz = 2:20 +0:356 


EXPERIMENT II (all treatments). 

(5) P = a+b,Ap+b,.U 89°3 18* = 885 
a = 679 
b, = 4:03 40-637 
b, = 2°58 +0°318 


(6) P = a+b,Ap+b,An?+b,U CE ate sl wi 
a = 466 
b, = 7:94+0-251 
bz = 0:0186 +0:0118 
b; = 2:-65+0:271 

(7) P = a+6,A,+b,U 893. 20 ©6869 
a = 796 


(8) P = a+b,4,+6,47?+6,U 90'2. 19 83:2 
a= 641 
by — 4-54 + 1-368 
b, = —0-00699 +0:00414 
bs = 2:47 o-+:292 


* Treatment U of day 1 was omitted in calculating this regression. 
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EXPERIMENT ITI. V D.F. vres. var. 
(9) P = a+b,An+b,4;?+b,U 48-4 «II 10053 

a = 1009 

b, = 2-91 


b, = 0:00296 +0:00157 
b, = 2:10 +0°736 
(10) P= a+b,A7,+b,A7*+6,U 56-6 II 95°1 
a = 1207 
6, = 1:60+0-410 
b, = 0-00107 + 0:000407 
6, = 1:67+0-787 


Tas_e VIII 
Py. and P..1,. for Equation (4), Experiment IT 
Quantity ‘Treatment. 
(xX 1077) Se eee ee 

Day 1 ( Nr. N2. N3. A2. A3. 

[Orv 186 215 210 217 (212) (228) 
a, 190 209 215 225 (219) (235) 
Diff. —4 6 —5§ —8 (—7) (—7) 

Day 2 Cc Ni. N2. N3. Al. A2. A3. 
TPs, 184 PER 228 228 (228) (211) = (184) 
Tre 19! 218 214 232 (220) (217) ~* (201) 
Diff. —7 4 14 —4 (8) (—6) (—17) 

Day 3 C- Ni. N3. At. Aza. Aa2b. 
fees 179 239 224 (236) (225) (219) 

Pea 181 219 234 (226) (231) (219) 
Diff. —2 20 —10 (10) (—6) (0) 

Day 4 Ca. Cb. Ce. N2. 
1B, 158 165 163 256 
Pa 159 160 169 258 

Diff. —1 5 —6 —2 


present increases both with the amino-acid content and with water content. 
The goodness of fit of the regression functions would be accounted for if 
the system was near a drifting steady state during the course of the experi- 
ments. It is not, however, safe to conclude that the precise form of the 
regression is of significance; thus the significant positive coefficient of pH 
and negative of A? may be fortuitous, and the result of fitting the data to 
arbitrary functions of the other variables. 

It is noteworthy that significant partial regression coefficients for respira- 
tion rate could not be obtained. Smirnow (1925) has concluded that there 
is a relation between protein content and respiration rate, but he did not 


determine partial relationships. 
Concentration Relationships between Proteins and Amino-acids 


In suggesting an interpretation for the effect of water content on the steady- 
state relation between the contents of proteins and amino-acids, there are two 
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possibilities: firstly, the change in water content may produce its effect merely 
by changing the concentrations of the proteins and amino-acids; secondly, 
the change in water content may specifically affect the rate of some reaction 
or reactions in the system, or else may be a measure of some other factor that 
does so. 

Let us consider the first possibility. Wasteneys and Borsook (1930) have 
suggested that in the living cell a true equilibrium between proteins and 
amino-acids is probably closely approached, the equilibrium being charac- 
terized by the equation 

[P] = A[4]", 
where [P] and [A] are the concentrations of proteins and amino-acids, and 
n is the number of amino-acids in one molecule of protein. It would follow 
from this equation that the curve relating [P] to [A] is convex to the [A] axis. 

It seems, however, unlikely that such an equilibrium occurs in living cells; 
it is more probable that there is a mechanism, involving expenditure of 
energy, that causes the concentration of proteins at a steady state to be 
greater than that of equilibrium. Also a portion of the protein! may be so 
changed as to have no direct relationship to the concentration of amino-acids 
present; and the relation between the two protein fractions may be dependent 
on metabolic activity. 

With such a system we cannot forecast the form of the steady state relation 
between the concentrations of total proteins and amino-acids; we can, how- 
ever, consider the consequence of the various forms the relation might 
possess. If 

[P] = 4[4], 


clearly a change in water content, provided such change has no effect on the 
proteins and amino-acids other than changing their concentrations, will have 
no effect on the amounts of these substances in the leaves. Suppose, however, 
the relation is such that, with increase of concentrations of these substances 
from one pair of steady state values of [P] and [A] to another, 


A[P] SS [P]. 

A{A] ~ [A] 
in this case a reduction in water content will result in a quantity of protein 
being synthesized before the new steady state is attained. If, on the contrary, 


AP] _ (P] 
A[A] ~ [4]’ 
hydrolysis of protein will occur. The latter inequality could exist if the 
[P]-[A] curve is concave to the [A] axis, or if it is convex over a limited range 
of values of the variables; it could also exist if the curve were always convex, 
provided that [P] has a positive value when [A] is zero, and that the amount 


1 Smirnow and Iszweschikow (1930) have produced evidence that there is a stable protein 
fraction that does not enter into the metabolic flux. 
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of protein represented by this value is capable of entering into the protein 
amino-acid flux. 

The data before us are insufficient to enable us to decide which of these 
forms characterizes the relationship between protein and amino-acid con- 
centrations; we have no measure of [P] and [A], especially as U is at best only 
an anamorphic measure of the amount of water in the phases in which proteins 
and amino-acids occur. The fact that the coefficient of the A® term in the 
regression equations is negative suggests that the [P]-[A] curve may be 
concave to the [A] axis; but in view of the complexity of the variations in the 
system no great significance can be placed upon the precise form of these 
equations. 

Clearly, however, the system may be such that the amount of protein can 
increase with increase in amounts of both amino-acids and water, the water 
effect being purely the result of a certain form of the relation between the 
steady state concentrations of protein and amino-acids; the protein content 
would thus be determined by water content only in so far as the latter deter- 
mines the concentrations of amino-acid. 

The second possibility is that the change in water content per se affects the 
velocity constants of protein synthesis and hydrolysis. Possibly reduction 
in water content may decrease the rate of synthesis. In each experiment, in 
the treatment where no nitrogen has been added, hydrolysis takes place, in 
Experiments I and II to an extent not to be expected from the regressions; 
this may be a normal ontogenetic drift. When extra substrate is added, 
synthesis occurs at a rate dependent on the water content, so that at very 
low water contents it is outweighed by the normal process of hydrolysis. 

This second possibility implies that there is not a single [P]-[A] relation, 
but that this relation is dependent on the water content. 


The Work of Mothes 


Prior to the carrying out of the present investigation it had been shown by 
Mothes (1931) that reduction of the water content of leaves was accompanied 
by protein hydrolysis. But it is not clear from his experiments whether this 
effect is reversible, or whether there is a steady-state relationship between the 
amounts of proteins, amino-acids, and water. Only one set of results (p. 708) 
is quoted in which reversibility is suggested, but the data are insufficient to 
show that fluctuations in water content are accompanied by corresponding 
fluctuations in protein content; the changes produced in mature and old 
leaves were irreversible. In the present work there is definite evidence that 
the effect is a reversible one (cf. Fig. 1). 

Furthermore, except in one experiment, Mothes did not determine the 
amount of amino-acids, and in this experiment the effect of water content is 
superimposed on a starvation effect. Mothes was therefore unjustified in 
assuming from his results that the effect was necessarily on the protein amino- 
acid relation: it could also have been due to an effect on the relation between 
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the amounts of amino-acids and of their precursors. The present investigation 
excludes the latter effect as the major factor. 

In a further work Mothes (1933) showed that, when protein hydrolysates 
were injected into leaves in the dark, net protein synthesis occurred in pure 
oxygen, no appreciable change occurred at 20 per cent. oxygen concentration 
of the atmosphere, and net hydrolysis occurred at lower concentrations. In 
narcosis experiments he claims to have shown that high partial pressures of 
oxygen inhibit protein hydrolysis whereas oxygen deficiency inhibits synthesis. 
Mcthes concludes that in wilting leaves it is the closure of the stomata and 
consequent oxygen deficit in the leaves that causes protein hydrolysis. When 
wilted leaves were cut to enable oxygen to penetrate, proteolysis was inhibited. 
He refers to the evidence that proteolytic enzymes are activated by reduced 
sulphhydryl compounds and suggests that the production of these in the 
leaves in oxygen deficiency leads to the protein hydrolysis. 

Mothes’ work has been criticized by Paech (1934, 1935), who found that, 
in the absence of oxygen, hydrolysis usually does not begin until there are 
definite signs of injury to the tissue. It occurs prior to this only if injury is 
very late in occurring, in which case carbohydrate exhaustion is the cause. 
Injury and hydrolysis are delayed if the tissue is rich in carbohydrates. Paech 
points out also that both Mothes’ low oxygen plants and his narcotized plants 
were injured. 


Alternative Hypothesis of the Stages in Protein Synthesis 


Our considerations so far have been based on the assumption that the 
proteins are synthesized solely from, and hydrolysed back to, amino-acids. 
There is, however, the alternative hypothesis that proteins are derived from 
some other compounds, and that the amino-acids arise only by protein hydro- 
lysis. It is obvious that the data could be fitted by regressions of the type 


A == fiP) ol) 

which would conform to the conception of reduction in water content causing 
increased hydrolysis or decreased synthesis of proteins. But we cannot 
investigate satisfactorily the factors that might determine the amounts of 
protein present since we have no measure of the supposed antecedent carbon 
compounds; there is, however, a positive correlation between ammonia- 
nitrogen and amino-acid contents, so that P could probably be fitted to regres- 
sions on ammonia-nitrogen and U. 


Change in Water Content Associated with Treatment 


It is apparent that, while in all experiments high supplies of ammonium 
sulphate are associated with low water contents of the leaves, such association 
is much less evident for similar supplies of potassium sulphate. ‘The lowered 
water content is therefore probably not the immediate result of the difference 
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in osmotic pressure between the external solution and the sap of the root-cells, 
but is more probably a specific effect of ammonia or the NH,-ion.’ Mevius 
(1928) suggests that in high concentrations of ammonium salts the rapid 
intake of ammonium radicle causes a toxic alkalinity in the sap of the roots; 
this might reduce the rate at which water could be supplied to the leaves and 
so lead to reduction of their water content. High concentrations of ammonia 
nitrogen in the leaf in the present experiments have produced no appreciable 
increase in the pH of the expressed leaf sap, which suggests that the buffering 
capacity of the leaf sap must be very high.” 

From its position in the Hofmeister series it might be expected that the 
NH,-ion might decrease the swelling capacity of cytoplasmic colloids, but 
it is unlikely that this would have much effect on the total water content of the 
tissues. 

The results of Experiment II show that the relation between protein and 
water content is similar whether the low water content values are produced 
by high nitrogen supply or by deliberately restricted water supply. While, 
however, we have so far assumed that the water content is a determinant of 
protein content, it is possible that the protein content is also a factor deter- 
mining the water content to some extent, since with the first increases in 
nitrogen supply there is frequently an increase in both protein nitrogen and 
water content. 


SUMMARY 


This paper is an account of an investigation of the relation between the 
amount of protein in the leaves of plants and certain other quantities which 
varied as the result of experimental treatment of the plants. The results 
suggest that, under environmental conditions constant in certain respects, 
the protein content of the leaves increases with both amino-acid content and 
water content, and in one experiment there was evidence that it increased 
with the pH of the expressed sap also. The picture suggested is that the net 
rate of formation of protein from amino-acids decreases with reduction in 
water content, although we cannot tell whether synthesis is decreased or 
hydrolysis is increased, or whether both are affected. It seems probable that, 
at the steady state, the amount of protein present increases both with amino- 
acid content and with water content. The effect of water content on the 
protein amino-acid relation may be merely the result of change in the concen- 
trations of these two components of the system; change in water content may, 
on the contrary, affect the rate of some reaction or reactions in the sequence, 
or else it may be a measure of some other factor that does so. 

It is shown incidentally that increasing the supply of NH,-ions to the roots 


* A similar difference is exhibited in the effects of nitrogen and potassium on growth 
(Rippel and Meyer, 1933: Rippel, Behr, and Meyer, 1933). : 

? Theron (1924) and Keyssner (1931) showed that the pH of the external medium affected 
that of the root sap, but had little effect on that of the shoot sap. 
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of a plant causes, over a certain range, marked reductions in the water content 
of the leaves. 


The writers are indebted to Misses J. E. Brooke, E. D. Claridge, C. G. 
Miller and R. Watson for much assistance with the experimental and 
chemical part of this work. Valued advice on the statistical treatment of 
the data was given by Mr. E. A. Cornish. The writers are also especially 


grateful to Mr. G. E. Briggs, of the Botany School, Cambridge, for critical 
advice in the preparation of the manuscript. 
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I. INTRODUCTION! 


[& a previous investigation (Bond, 1936) certain observations were made on 
the rate of transfer of fixed nitrogen from the nodule-bacteria of soya bean 
to the host plant over successive periods in the life-cycle of the latter, and on 
the relation of this rate of transfer to the rate of fixation of nitrogen. It was 
pointed out how some uncertainty existed as to the completeness of the figures 
presented, owing to the demonstration by Virtanen and his collaborators (see 
Virtanen, 1935, and Virtanen, von Hausen, and Laine, 1937) that in some 
legumes, notably the pea (Pisum sativum L.), there may be a very considerable 
loss of fixed nitrogen through the occurrence of leakage or excretion from the 
nodules into the rooting medium. In showing this Virtanen has confirmed 
a belief held by some earlier investigators, especially Lipman (1912), although 
the matter had been largely lost sight of until the appearance of Virtanen’s 
work. ‘The experiments to be reported in the present paper were undertaken 
with the object of detecting and measuring any such excretion from nodules 
of soya bean under cultural conditions similar to those obtaining in the 
author’s previous experiments. In addition it is a matter of general botanical 
interest to obtain as much information as possible about this excretion from 
leguminous nodules, in view of the importance which the phenomenon may 
assume in mixed plant populations, wild or cultivated, in which legumes are 
included. 

Lipman (loc. cit.), who appears to have performed the first experiments on 
the associated growth of legumes with non-legumes, included some observa- 
tions on soya beans and recorded that while with some legumes the non- 
legume benefited from the association, in the case of soya bean (and cowpea) 


‘ Preliminary statements regarding the present work have already appeared (Bond, 1937 a, 6). 
[Annals of Botany, N.S. Vol. II, No. 5, January 1938.] 
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the benefit to the non-legume was much less marked. A different conclusion 
was reached by Stallings (1926), who deduced from his experiments with pot 
cultures that wheat may obtain considerable amounts of nitrogen from nodu- 
lated soya beans. His work is considered in detail in the third section of the 
present paper. In a preliminary note Wilson (1937) reports his inability to 
detect excretion in pot cultures of soya bean. There is also some literature on 
the growth of soya bean and cereal mixtures under field conditions, references 
being given in a review by Nicol (1936). It suffices to say here that such field 
experiments have given no clear evidence for or against uptake of nitrogen by 
the cereal associate from the legume. The position with regard to excretion 
from soya bean nodules is thus one of considerable obscurity. 

In the present work, evidence of excretion has been sought along two lines, 
namely, (a) by determination of the nitrogen content of sand in which nodu- 
lated soya beans have been grown, and (4) by examination (for nitrogen 
uptake) of non-leguminous test plants grown in the same pots as soya beans, 
barley being used for this purpose. Virtanen (1935) has shown that barley 
plants are capable of direct utilization of a substantial part of the nitrogenous 
excretion from pea nodules. 


I]. METHODS 
Cultural arrangements. 


Arrangements in general were identical with those of the previous in- 
vestigation (Bond, 1936), except for a few modifications which seemed likely 
to benefit plant development. 

The plants were grown in the glass-houses in sand culture, glazed earthen- 
ware jars without drainage-holes being used, of capacity varying from 2:3 to 
3°6 kg. of sand in different experiments. A quartz sand of medium fineness 
was employed and was washed in a current of tap-water for twenty-four hours 
before use. In some experiments the sand was ignited after washing, in order 
to purify it further. As the sand was weighed out into the pots, calcium 
carbonate was mixed in at the rate of 2 gm. per kg. of sand, pots and sand 
being subsequently autoclaved at 15 lb. pressure for three hours. Sterile 
culture solution was then added to each pot until the weight of the latter 
indicated that 12 per cent. of moisture was present, reckoned on the weight 
of dry sand. The culture solution, based on that of Hiltner with nitrate 
omitted, had the following composition: Ca,(PO,),, CaSO,.2H,O, and KCl, 
0:25 gm. each; MgSO,.7H,0, 0-39 gm.; FeCl; (5 per cent. solution), 3 drops; 
water, 1 litre. This solution had an initial pH of 6-5, but no pH measure- 
ments were made on the sand in which the plants were growing. 

The ‘Manchw’ variety of soya bean was again used, the seeds being kindly 
supplied by Dr. W. J. Morse of the Bureau of Plant Industry, Washington. 
Sound seeds of definite weights were selected, and were initially surface- 
sterilized by being immersed in absolute alcohol for ten seconds and then 
passed through a flame. After being imbibed, the seeds (except in the control 
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pots) were inoculated with a particular strain of Bacillus radicicola' and sown. 
Every precaution was taken to prevent contamination of the plant cultures 
by foreign organisms during the experiments. Every second or third day the 
moisture content of the sand was restored to 12 per cent. by the addition of 
sterile water or occasionally of further sterile culture solution. 

_In the case of the mixed culture experiments the procedure, apart from the 
introduction of the barley, was as above. The barley grains (variety Spratt 
Archer, of selected weight 0-055 to 0-06 gm.) were initially sterilized by suc- 
cessive immersion in absolute alcohol and 0-2 per cent. mercuric chloride for 
two minutes in each, followed by several rinses in sterile water, a method 
similar to that of von Hausen (1936). 


Sampling and nitrogen estimations. 


Sample pots of inoculated and control plants were taken from time to time. 
In the case of the experiments involving analysis of the rooting medium 
the procedure with each pot was as follows. ‘The contents of the pot were 
tipped out and the plant root systems rinsed in 200 c.c. water in order to 
wash off any excreted substances that might be present on the surface of the 
nodules (in the case of an inoculated pot) or in the sand still adhering to the 
roots. This water was combined with an additional portion used to rinse out 
the pot, and after the addition of further washings (see below) the whole was 
acidified with sulphuric acid, evaporated down almost to dryness under 
reduced pressure, and the residue was submitted to Kjeldahl analysis. ‘The 
plants were dried and total nitrogen contents determined by the salicylic 
acid-Kjeldahl process as modified by Ranker (1925, 1926). 

In experiments I and II the sand from the culture pot was spread out on 
an enamelled tray and dried at a temperature of 30° to 35° C., root fragments 
being then picked out and the sand thoroughly mixed by hand. Four 200-gm. 
portions of the sand were then weighed out for analysis and transferred to 
800 c.c. Kjeldahl flasks, the residual sand being removed and the tray rinsed 
with water. This water was combined with the previous wash-water. 

In experiments III and IV the preliminary drying of the sand was omitted 
in view of the possibility that in the case of the soya bean the excreted sub- 
stances, if any, might be volatile. Immediately after tipping out, the sand was 
thoroughly mixed and its total weight ascertained. Four 200-gm. portions 
were then taken and transferred to Kjeldahl flasks, after removal of root 
fragments. 

The nitrogen content of the sand portions was determined by a method 
which was essentially the salicylic acid-Kjeldahl process referred to above, 
with certain modifications resembling in some respects those adopted by 
Virtanen and von Hausen (1935). Eighty c.c. of the acid mixture was added 
to each 200-gm. portion of sand, and after combustion and subsequent 


t The writer is greatly indebted to Dr. I. L. Baldwin, University of Wisconsin, for supply- 
ing bacillus cultures. 
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dilution with 200 c.c. water the liquid contents of the flask were filtered off 
from the sand, using a Buchner funnel fitted with acid-resisting paper. The 
sand on the filter was washed with a further 500 c.c. water. Halves of the four 
filtrates thus obtained in connexion with a pot of sand were measured out and 
combined in pairs, the two resultant mixtures, each corresponding to a com- 
posite 200-gm. portion of sand, being evaporated down to a volume of 350 c.c. 
Each was then made alkaline and distilled over in the usual way into N/50 
HCl. The figures obtained on subsequent titration of the contents of the two 
receiving flasks with N/50 NaOH always agreed closely, and from the average 
of the two titrations, after suitable allowance for blank estimations (reagents 
alone), the nitrogen content of the whole of the sand from the culture pot 
under examination was calculated. The figure so obtained, to which any 
nitrogen found in the combined washings was added, was thus based on the 
examination of 800 gm. of the total sand in a pot, which varied from 2°30 
3°6 kg. in different experiments. 

This procedure was thoroughly tested in preliminary estimations on sand 
to which small quantities of nitrogen had been added as ammonium chloride 
or asparagine. Weighed amounts of these substances in a finely powdered 
form, representing 30 mg. to 100 mg. nitrogen in different trials, were added 
to 3 kg. lots of sand of known nitrogen content and thoroughly stirred in by 
hand. In each trial four 200-gm. samples of the sand were taken for analysis. 
Recoveries of go to 93 per cent. of the added nitrogen were repeatedly ob- 
tained and were considered satisfactory under the rather difficult circum- 
stances. These trials showed not only that the modified Kjeldahl process was 
satisfactory but also that the examination of 800 gm. of sand from a total of 
3 kg. (which approximates to the content of a pot in the actual experiments) 
could be relied on to give an accurate estimate of the nitrogen content of the 
whole of the sand, into which the added nitrogenous substances had been 
stirred by the same procedure as was used for mixing the sand in the experi- 
ments proper. 

It was recognized at the time that the use of moist sand in the nitrogen 
estimations of experiments III and IV was open to the objection that any 
nitrate-nitrogen present might be at least partly lost (see Ranker, loc. cit.). 
From the negative results of experiments I and II (see later) it was concluded 
that the chance of nitrate-nitrogen being present could be dismissed. The use 
of the salicylic acid variation of the normal Kjeldahl process was continued 
since this method had been employed in all preliminary tests. 


III. Data 
(a) Sand analysis experiments. 
The figures for the first two experiments, which were conducted in 1936, 
are presented in Tables I and II. 
As indicated in the tables, a certain amount of combined nitrogen was 
initially present in the sand as impurity, consisting almost certainly of peaty 
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material retained from the large volume of tap-water used in washing the 
sand. Experience has proved that this nitrogen is unavailable to plants and 
remains in the sand unabsorbed throughout the experiment, its presence 
being thus no serious detriment. 


TABLE I 


Experiment I. Bacillus Strain Wisconsin No. 9. Four Soya Bean Plants per Pot 

containing 3-6 kg. Sand. Figures for Inoculated Pots are Averages of Two Pots, 

those for Controls being based on Single Pots. Original N Content of Sand = 
20 mg. per Pot. N Content of Four Seeds = 38 mg. 


Date of Age in WN content of four N content of sand 


sample. days. plants (mg.). (mg. per pot). 

Aug. 5 41 60 21s 
Aug. 20 56 as 21°5 
Sept. 2 691 == 23°5 
Sept. 16 83} — 25° 
Oct. 1 98 == 26:0 
Oct. 20 De 211 24°5 
Control pots (plants non-nodulated). 

Sept. 16 831 44 25'0 
Oct. 20 r17 44 25'0 

1 Flowering. 2 Pods full. 
TaBLeE II 


Experiment IT. Bacillus Strain Wisconsin No. 9. Four Soya Bean Plants per 
Pot containing 2-5 kg. Sand. Figures for Inoculated Pots are Averages of Two 
Pots. Original N Content of Sand = 17-5 mg. per Pot. N Content of Four 


Seeds = 47 mg. 
Date of Age in WN content of four N content of sand 
sample. days. plants (mg.). (mg. per pot). 
Aug. 21 41 59 19'0 
Sept. 4 55 go 19°5 
Sept. 21 Ges 130 20°0 
Oct. 9 go 153 21'0 
Oct. 26 1077 174 24°5 
Control pots (non-nodulated). 
potA 54 20°5 
Octaa9 = Ree BY Ge) 20°0 
1 Flowering. 2 Pods ripening. 


It will be seen that during the course of the experiments the nitrogen con- 
tent of the sand increased slightly, both in the inoculated pots and in the 
controls. In the first experiment the final value of the increase with the inocu- 
lated pots was the same as that in the control pots. In the second experiment 
the final inoculated pot showed a slightly greater increase over the original nitro- 
gen content of the sand than in the previous experiment, though the absence 

966-5 F 
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of a control pot for this final date makes it impossible to say how far this late 
rise would have proved peculiar to inoculated pots. These two experiments 
furnish no evidence for anything more than negligible excretion from the 
nodules. It should be stated that the figures for the two pots of inoculated 
plants taken on each sampling date were always practically identical. 

Fixation of nitrogen, determined by subtracting seed nitrogen from plant 
nitrogen, finally amounted in the first experiment to 173 mg. and in the second 
to 127 mg., in both cases for four plants. As regards nodulation, forty nodules 
per pot of four plants were present at the first sampling in experiment I, 
while by September 16 the number had increased to 100, with a fresh weight 
of 1 gm. Nodulation in the second experiment was very similar. 

One feature calling for explanation is that the plant nitrogen in all control 
pots exceeded that of the original seeds. In these two experiments the plants 
were supplied with sterile tap-water, since the distilled water available had 
proved slightly unsuitable for soya beans. It is evident that the water con- 
tained traces of available nitrogen, and hence the slight gain in nitrogen con- 
tent shown by the control plants. This gain was never detected when dis- 
tilled water was used (see experiments below). . - 

Table III gives the results of a third experiment in which the nitrogen 
estimations were conducted on the moist sand without previous drying (see 
Methods). Bacillus strain No. 9 was again used. This experiment was com- 
menced in the early spring of 1937, and for the first three months natural 
light was supplemented by the illumination from a 1000-watt lamp suspended 
2 to 3 feet above the plants, which were given a fourteen-hour ‘day’. Growth 
was superior to that previously obtained in summer months with natural light 
alone. Fixation was also greater, and amounted to some 350 mg. for five 
plants, this being probably due in part to the fact that for several weeks all 
flower-buds were removed from the plants.’ At the final sampling date, 
160 nodules, with a fresh weight of 2:5 gm. were present on the five plants 
of the pot. 

As in experiments I and II a slight increase occurred in the nitrogen con- 
tent cf the sand in both inoculated and control pots during the course of the 
experiment. The increase in the case of the inoculated pots finally exceeded 
that in the controls by 2-5 mg. only. In this and the subsequent experiments 
a supply of glass-distilled water was used for the cultures, and it will be 
observed that the nitrogen content of the control plants never exceeds that of 
the original seeds by a significant amount. 

A fourth experiment, in which ignited sand practically free of nitrogen was 
used, was also carried out, employing two other strains of soya bean bacillus 
from the Wisconsin collection, Nos. 505 and 17. The results are presented in 
Table IV. These plants also received artificial illumination, but growth and 
fixation were inferior to those in the previous experiment, partly owing to the 


' This point is significant in view of the suggestion of Wilson (1937) that in peas excretion 
is favoured by a delayed reproductive phase. 
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use of smaller pots, and also, in the case of the plants infected with strain 
No. 17, to the known low efficiency in fixation of this strain. Strain No. 505 
is one of the most efficient strains in the Wisconsin collection, as is also No. 9, 


TABLE IIT 


Experiment III. Bacillus Strain Wisconsin No. 9. Five Soya Bean Plants per 
Pot containing 3-6 kg. of Sand. Single-pot Samples. N originally present in 
Sand = 17 mg. per Pot. N Content of Five Seeds = 77 Mm. 


Date of Agein  N content of five N content of sand 

sample. days. plants (mg.). (mg. per pot). 
March 25 53 120 170 
April) +7 66 140 17'0 
April 22 81 170 17:0 
May 8 971 230 20°0 
May 24 113? 310 20°5 
June 26 146? 430 24°0 

Control pots (non-nodulated). 
April 7 66 78 16:0 
May 24 ee 79 16°5 
June 26 146 719 PBS 
1 Flowering. 2 Pods full. 
TABLE IV 


Experiment IV. Bacillus Strains Wisconsin Nos. 505 and 17. Three Soya Bean 
Plants per Pot containing 2-3 kg. Sand. Single-pot Samples. Original N Con- 
tent of Sand = 3 mg. per Pot. N Content of Three Seeds = 46 mg. 


Date of Agein WN content of three N content of sand 


sample. days. plants (mg.). (mg. per pot). 
Inoc. Strain 505. . June 2 891 106 8-0 

July 7 Tee 190 8:0 
Inoc. Strain 17 . Te Unene2 891 61 8-0 

July 7 124? 89 16:0 

July 17 134? 126 Tl-O 
Controls . 5 = Mes, ay 134 39 13:0 

July 17 134 — 12'0 

1 Flowering. 2 Pods ripening. 


used in the previous experiments. The nitrogen contents of the sand from 
inoculated and control pots increased to about the same extent in each, the 
increases tending to be greater than in the previous experiments. 


(b) Soya bean with barley cultures. 

Table V gives results for an experiment in which beans and barley were 
sown at the same time. The barley soon developed features of nitrogen 
starvation and growth was arrested at the point of ear-emergence. No 
difference in appearance was detectable between those barley plants associated 
with nodulated beans and those with the control, non-nodulated beans. 


68 Bond—Excretion of Nitrogenous Substances 


Analysis confirmed that the barley plants had absorbed no nitrogen during 
their growth, the nitrogen contents showing no appreciable difference from 
that of the original grains. Fixation in the nodulated. soya beans amounted 


finally to 247 mg. for three plants (pot 3). 


TABLE V 
Soya Bean and Barley Cultures, set up Feb. 20, 1937, Three Soya Beans and 
Two Barley Plants per Pot, containing 3-6 kg. Sand. Bacillus Strain Wisconsin 
No. 9. N Content of Three Soya Bean Seeds = 46 mg., and of Two Barley 
Grains = 1-8 mg. 
N content of the three N content of the two 


Pot no. soya bean plants (mg.). barley plants (mg.). 
1 = 
Soya beans nodu- os 154 ae 
lated S 254 
Be 293 1°8 
Soya beans non- ie 48 233 
nodulated Ze 48 14 


1 Plants taken out for analysis June 1. 
2 ” ” ”» July I < 


In a further experiment the soya beans were sown on February 4, but the 
barley was not sown until March 17, by which time the beans had made con- 
siderable growth and fixation had commenced. After a further period of 
three months the nitrogen contents of barley plants from two pots containing 
nodulated beans were 1-6 mg. and 1-7 mg. respectively, for two plants in each 
case, while in the control pot the corresponding figure was 1-9 mg. Thus, 
again, there was absolutely no trace of nitrogen uptake by the cereal. Fixation 
by the soya beans here was 320 mg. for five plants. 

While in the preceding mixed cultures bacillus strain No. 9 was used, 
precisely similar results were obtained in an experiment in which strain 
No. 505 was employed. The fixation by the soya beans was 175 mg. for three 
plants. 


IV. DIscuUSSION 


The tables in the preceding section show that while, in the experiments in- 
volving analysis of the sand in which nodulated soya beans had been grown, 
an increase of a few milligrammes (itself quite negligible compared with 
Virtanen’s figures) was regularly obtained in the nitrogen content of the sand, 
a similar or slightly smaller increase was also detected in the sand from the 
control pots, with non-nodulated plants. Factors productive of an increase 
in sand nitrogen in the control pots were presumably operative also in the 
inoculated pots, and it is, of course, only when the increase in the latter pots 
exceeds that in the control pots that evidence for excretion is forthcoming. 
On the basis of these results there is thus no evidence for anything more than 
negligible excretion from the nodules of the inoculated plants. The origin of 
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the small increase in the sand nitrogen of the control pots is considered later 
in this section. 

It is recognized that analysis of the rooting medium may give a misleading 
impression of the extent of any excretion that may be in progress, since some 
reabsorption of the excreted substances by the legume roots may occur, 
reducing the extent to which the substances accumulate in the sand. Virtanen, 
von Hausen, and Laine (1937) have described a preliminary experiment sug- 
gesting that frequent watering, necessary in open cultures, may assist such a 
process of reabsorption, although in that experiment accumulation was still 
considerable. It can hardly be imagined, in the event of appreciable excretion 
occurring, that reabsorption could be so complete and instantaneous that no 
trace of the excreted substances would be found in the sand at any stage in 
the experiments, which was practically the result obtained by the present 
writer. It is especially significant that the nitrogen content of the combined 
wash-water (see Methods), which included the water in which the roots and 
nodules were rinsed, never amounted to 1 mg. If excretion were proceeding, 
even though accompanied by reabsorption, one would expect to find definite 
evidence of it in the root-washings. 

Excretion, even though accompanied by reabsorption, should also be 
detected by the second type of experiment, involving examination (for nitro- 
gen uptake) of non-leguminous test plants grown in the same pots as the 
legumes, since the roots of the test plant, closely intermingled with those of 
the legume, should themselves absorb a proportion of the excretion. Any 
factor, such as watering, which assists legume reabsorption should also assist 
absorption by the test plant. As reference to the results will show, there was 
no sign of any uptake of nitrogen by the barley plants of the present experi- 
ments. So far as the evidence of these mixed cultures goes, it might be sug- 
gested that excretion was proceeding in these experiments and that the 
excreted substances, unlike those from pea nodules, were unsuited for ab- 
sorption by barley. In view of the negative results from the sand analysis 
experiments this possibility appears to be very remote. 

It is, then, very improbable that any appreciable excretion took place in the 
experiments here described. There are two possible reasons for this negative 
result: (a) that some at present unidentified condition, necessary if excretion 
is to proceed, was not provided in these experiments, or (b) that excretion 
never occurs in soya bean, at least, not in the ‘Manchu’ variety when infected 
with any of the three bacterial strains employed here. 

Further work is required before the matter can be taken further. Our 
ignorance of the factors affecting excretion is illustrated by the experiences of 
Wilson (1937), who points out that in the pea excretion may be obtained under 
one set of conditions, while under other not obviously very dissimilar condi- 
tions excretion may be absent. The circumstance that the plant cultures of 
the present author’s experiments were open to the atmosphere and, therefore, 
are not to be described as sterile (though all materials were initially sterilized), 
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is not in itself likely to be productive of a negative result. Virtanen (1936) has 
obtained excretion with the pea in both closed, sterile cultures and in open 
cultures, so that clearly complete sterility is not essential to the detection of 
excretion phenomena, and, indeed, there is no obvious reason why it should 
be. A possible suggestion is that excretion may only occur when fixation is 
so rapid that an excess of fixation products accumulates in the nodule tissues, 
and the required rate may not have been attained in the experiments con- 
sidered here. Actually it appears that the rate of fixation is not a deciding 
factor, for Virtanen, von Hausen, and Laine (1937) report excretion from peas 
with very poor fixation, while Wilson (1937) also finds that the occurrence of 
excretion in peas is not dependent on the amount of fixation. It may, however, 
be noted that comparison with figures given by other investigators for soya 
bean (see Wright (1925), Eaton (1931)) suggests that the fixation obtained in 
the author’s work, especially in experiment III and in some of the mixed 
cultures (Table V), was good for pot cultures, though naturally much inferior 
to results in the field. Thus Wright (loc. cit.) obtained a fixation of 330 mg. 
per plant of ‘Manchu’ soya bean under field conditions, four times greater 
than the maximum fixation in the present work. 

It is necessary to consider here the work of Stallings (1926), whose experi- 
ments in pot culture were concluded to show that wheat plants may obtain 
considerable amounts of nitrogen, possibly in the form of ammonia, from 
nodulated soya bean plants when the two are grown in association. ‘This con- 
clusion was based chiefly on a consideration of the relative ammonia contents 
of wheat plants grown alone, and of others grown with soya beans. Con- 
sideration of absolute nitrogen content of the wheat plants would be a more 
satisfactory procedure in testing for nitrogen uptake, but the matter is com- 
plicated in Stallings’ experiments by the initial presence in the soil used of 
appreciable amounts of available nitrogen. The following absolute figures 
have been calculated from the dry matter and percentage nitrogen data 
furnished by Stallings, all figures being milligrammes per plant and applying 
to the second harvests: 


N content of wheat N content of wheat 
grown alone. grown with soya beans. 
Series I (fertile soil) . ; : 88 59 
», II (poor soil) . . ‘ 22 34 
,, III (poor soil sterilized) . 42 34 


In one experiment only was the nitrogen content of wheat grown with soya 
beans higher than that of wheat grown alone, while in the other two cases it 
was actually lower. It is not, however, certain that the wheat plants in the 
two sets of pots (wheat alone, wheat plus soya beans) had equal oppor- 
tunities of absorbing the nitrogen initially in the soil, so that very much 
stress cannot be placed on these figures, and the experiments are incon- 
clusive. 


In he same paper Stallings reports analyses of sand in which nodulated 
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soya beans had been grown. The final nitrogen content of the sand is given 
in Table 25 as o-o15 per cent., which is high under the circumstances, but 
since it is not clear whether this figure applies to the whole of the sand in the 
pot or only to that near the roots, the absolute nitrogen content of the pot of 
sand cannot be calculated, and in the absence of figures for the control pots 
no comparison with the latter pots is possible. Amino-acids were absent from 
the sand, but traces of ammonia and nitrates were detected, recalculation 
indicating that less than 0-5 mg. of the former substance was present per pot. 
These experiments cannot be said to prove that leakage of nitrogen occurred 
from the nodules. 

The position is, then, that so far there is no clear evidence of excretion from 
nodules of soya bean, though it remains to be seen how far subsequent work 
changes this position. There is no immediately obvious reason why the soya 
bean should differ from other legumes in the matter of excretion, though the 
structure of the peripheral tissues of leguminous nodules may prove to be a 
determining factor in excretion. In soya-bean nodules a practically complete 
layer of fibrous cells is present from an early stage, enclosing the bacterial 
tissue. These cells, however, are not suberized and do not appear likely to 
prevent leakage. Suberization of more peripheral cells does occur and may 
preclude leakage from older nodules, but the position in young nodules has 
not yet been studied. 

Since the experiments described in this paper were carried out with a 
similar procedure and under comparable conditions to those of the previous 
investigation (Bond, 1936), the same variety of soya bean and identical bacillus 
strains being used,‘ it is concluded that in the earlier experiments also there 
was no excretion. The measurements of fixation and transfer of nitrogen 
made there thus appear to be complete in themselves and to require no amend- 
ment on account of excretion, the differentiation between ‘apparent’ and 
‘real’ fixation (p. 561) being unnecessary. The conclusions drawn from the 
earlier investigation do not require any reconsideration, since, as was explained 
at the time, they were not materially affected by the question of whether or not 
excretion had occurred. It may be mentioned that the necessary analyses 
were made in connexion with experiment II, of the present series of experi- 
ments, to permit of the calculation of fixation and transfer of nitrogen as in 
the previous work, the figures being given in Table VI. The figures are very 
similar to those reported in the previous paper. In the final period transfer 
exceeded fixation by a small amount, but it is possible that this tendency, 
also detected in the earlier experiments is significant, though not then 
thought to be so. 

It remains to consider the origin of the small increase in sand nitrogen 
observed in all control pots of experiments involving sand analysis. ‘The 
increase amounted to 10 mg. in the case of one pot in experiment IV, but in 


In the previous work referred to, Wisconsin bacillus strain No. 505 was used in the 1932 
experiment, No. 17 in 1934, and No. 9 in 1935. 
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the other experiments it did not exceed 5 mg. As previously remarked, one 
assumes that whatever the factors productive of this increase, they were also 
operating to the same extent in the corresponding inoculated pots. Trial 
experiments showed that an apparent increase in sand nitrogen up to 2 mg. 
per pot arises through unavoidable inclusion in the analysed sand of small 


TABLE VI 


Fixation and Transfer of Nitrogen during Successive Periods in Experiment II. 
Figures based on Examination of Four Pots on each Date, each Pot containing 
Four Plants 


N transferred into Ratio of N trans- 

Period (days N fixed by bacteria 4 plants from their ferred to N fixed, 

from sowing). of 4 plants (mg.). nodules (mg.). as % of N fixed. 
41-55 31 26 84 
55-72 41 38 93 
72-90 25 22 88 
Qo-107 12 15 124 


root fragments, broken off during sampling. The residual (actual) increase 
may be due to (a) sloughing-off of peripheral root-tissues, and/or (6) con- 
tamination of the cultures with asymbiotic nitrogen-fixing bacteria. The 
former process should be reflected in a loss of nitrogen from control plants. 
In view of the fact that the figures given for seed nitrogen are only average 
values, and that individual seeds, even of the same weight, vary in their 
nitrogen content, the number of control pots in the present experiments is too 
small to permit of a clear indication being given of any tendency to slight loss 
of plant nitrogen. In the earlier investigation (Bond, 1936, p. 569) it was noted 
that the general tendency was for a loss to occur. It is quite possible that the 
higher figure obtained in experiment IV (see above) may have been due to a 
further process of actual decay of roots, as the result of the constricted rooting 
conditions within the small pots used in this particular experiment. On the 
other hand, the failure of Virtanen, von Hausen, and Laine (1937) to detect 
any similar increase in sand nitrogen in control pots of peas under strictly 
aseptic conditions lends some support to possibility (6) above, although it 
should be noted that the duration of these experiments with soya bean was 
considerably greater than with those of Virtanen et al. with pea, giving more 
time for sloughing-off or root decay to occur. 

In connexion with the possible activity of non-symbiotic nitrogen fixing 
organisms in circumstances such as those of the experiments described in this 
paper, the following trials were devised with the object of ascertaining whether 
such activity was appreciable in pots containing plants similar in size and 
vigour to nodulated plants. T'wo uninoculated pots from experiment I were 
supplied with two doses of nitrate, one at the commencement and the other 
midway through the experiment, well-developed plants being thus obtained. 
Nitrogen added and recovered were as follows: 


from Leguminous Root Nodules ie 


N added to each pot: In seeds ; ‘ ; : 37°5 mg. 
ASNENO, .  -. . 82°5 ,, Mae erie 
N recovered after three months’ growth: 
Pot 1. Pot 2. 
In plants : ‘ : : 122°0 mg. I117°0 mg. 
In sand. - : : : SlOmET Oe) 5; 
Total recovery : : ‘ TOXOLC) WANS) 


When it is recalled that these plants received several milligrammes of nitrogen 
from the water-supply (see Tables I and I1):it becomes clear that any non- 
symbiotic fixation was negligible. 


V. SUMMARY 


Experiments are described which were designed to detect any leakage or 
excretion of nitrogenous substances from nodules of soya bean plants (var. 
‘Manchu’) growing in sand culture. The cultures were open to the atmo- 
sphere and are not to be described as sterile, though all materials were initially 
sterilized. Three different strains of the root-nodule bacillus were employed. 

Nitrogen estimations were performed on sand in which nodulated soya 
beans had been grown, the sand from a total of thirty-three pots being 
examined. A slight increase in sand nitrogen was detected, amounting to a few 
milligrammes per pot, but the increase did not exceed, or exceeded by a 
trifling amount, the increase obtained in the sand from control pots with 
non-nodulated plants. ‘There was, therefore, no evidence of the occurrence 
of appreciable excretion. 

This result was confirmed in other experiments in which barley plants 
were grown in the same pots as soya beans. ‘There was no evidence whatever 
of uptake of nitrogen by the barley plants. 

After giving due consideration to the possibility of immediate reabsorp- 
tion of the excretion having occurred in the experiments depending on sand 
analysis, and to that of non-availability of the excretion in the mixed cultures, 
it is concluded that in every probability there was no appreciable excretion 
in these experiments. 

It is impossible to say at present whether this lack of excretion arises from 
(a) the absence of excretion from soya-bean nodules at any time, or (5) the 
absence from the present experiments of some so far unidentified condition 
necessary for excretion to proceed. It is at least clear that excretion is not an 
invariable accompaniment of fixation of nitrogen within leguminous nodules. 

The bearing of these experiments upon a previous investigation by the 
author is considered. 


In addition to acknowledgements already made, the author expresses his 
indebtedness to Dr. S. Williams, who made certain suggestions in connexion 
with the manuscript, and thanks the Carnegie Trustees for a grant in aid of 
publication. Mr. I. W. Prentice gave valuable assistance with the 1936 
experiments. 
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ADDENDUM 


Virtanen (Nature, cxl. 683. 1937) has suggested that size of sand-particle 
may be a decisive factor in excretion. The use of sieves shows that 80 per 
cent. by weight of the sand used in the experiments reported in the present 
paper is composed of particles with diameters within the range o-1 mm. to 
o‘9 mm., Io per cent. consisting of particles below and 10 per cent. of 
particles above this range. A sieve of 0-5 mm. mesh transmits 50 per cent. by 
weight of the sand. In terms of number of particles it is clear that the 
diameters of the majority of particles will be in the lower part of the range 
mentioned. Very similar sand was used in most of the writer’s previous 
experiments on transfer of nitrogen. 
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Morphological and Cytological Studies in the 
Capparidaceae 
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With Plate I and fifty-seven Figures in the Text 


INTRODUCTION 


NFORMATION available on the cytology of the members of the Cappari- 

daceae is very meagre. The chromosome numbers that have been deter- 
mined in the family are almost exclusively confined to a few species of only 
two genera, namely, Cleome and Capparis. The family is almost entirely 
tropical in its distribution, and in India it is represented by about eight 
genera. ‘Tischler (1921) refers to Cleome paradoxa in his treatise on the sig- 
nificance of chromosomes in heredity. ‘Taylor (1925) mentions the diploid 
chromosome number of Cleome spinosa as thirty-eight in his paper on chromo- 
some morphology as determined by the position of attachment constrictions. 
A comparative treatment of Cleome spinosa and C. gigantea is made in Ufer’s 
(1927) paper. Schiller (1928) emphasized the presence of ‘Dauerchromo- 
somen’ in Capparis spinosa and recorded the presence of transverse division 
of the chromosomes at the end of somatic prophase. ‘This was, however, con- 
tradicted by Kuhn (1928) who, working on the same species, found that there 
was present only normal longitudinal division of the chromosomes. There 
was also disparity in the chromosome number reported by the two authors. 
Tischler (1931) says that ‘die von Schiller angegebene Zahl 12 ist wohl un- 
richtig’. Since this paper was being prepared for the press I have seen a paper 
by Rao (1937) on the embryology of Gynandropsis pentaphylla in which he 
records the chromosome number as n = 16, whereas I find it to be seventeen. 
The plant under investigation is a weed on waste lands in the drier parts of 
south India and occurs in association with Cleome viscosa, which it closely 
resembles. 


MATERIALS AND METHODS 


Plants of Gynandropsis were raised from seeds got from Madrid, south 
India, and South Africa, in the greenhouse at the Genetical Laboratory, 
Regent’s Park Botanical Gardens. The chromosome behaviour of the three 
is so similar that there is no need to treat them separately. ‘The flower buds of 

[Annals of Botany, N.S. Vol. II, No. 5, January 1938.] 
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the required stage, after removal of the perianth, were fixed in various osmic 
fixatives. A prefixation in Carnoy or absolute alcohol was found quite essen- 
tial for facilitating the sinking of the buds. By far the best results were ob- 
tained with Benda’s fluid. Next in order came 2 BE (La Cour, 1931) and then 
chrom-acetic formalin of Karpechenko and Langlet (Manton, 1932). The 
determination of the right stage by aceto-carmine examination offered some 
difficulty owing to the anthers of a flower being in different stages of develop- 
ment, so that if one came across first metaphase in aceto-carmine the sections 
revealed tetrads and diakinesis. Sections which were cut at a thickness rang- 
ing from six to twelve microns were stained in iodine gentian violet and 
in iron-alum-haematoxylin. 

For stages later than diplotene, smears were found to be more useful than 
sections. Benda gave very satisfactory fixation results. In addition uranium 
acetate (2 per cent. aqueous solution) was tried with considerable success. 
Fixation for an hour was found to be sufficient, and no bleaching is necessary. 
Further experimentation with what promises to be a most useful fixative, by 
addition of varying quantities of acetic acid and perhaps saponin, may enhance 
its value to the level of good osmic fixatives. Smear preparations were in- 
variably stained with iodine gentian violet. The procedure that was found 
necessary to ensure proper staining was the one involving the use of chromic 
acid as mordant after gentian violet. 


The origin and development of the megaspore. 


This is closely parallel to the details already described for Cleome chelidonit 
(Raghavan, 1937). The hypodermal archesporium may be either one cell 
(Text-fig. 1) or frequently two (Text-fig. 2). A large amount of parietal tissue 
is formed before the megaspore mother-cell functions, by the activity of the 
primary parietal which is derived from the periclinal division of the arche- 
sporial cell (Text-figs. 3 and 4). The heterotypic division results in two 
daughter-cells, of which the one towards the micropylar end does not function 
any further and degenerates (Text-fig. 5). The lower one divides again and 
forms two megaspores, of which the lower enlarges and functions as the 
embryo-sac. Thus there is a linear triad rather than the usual tetrad. Text- 
fig. 5 shows the uppermost cell degenerated and the lower in the process of 
division, while Text-figs. 6 and 7 indicate a later stage, wall-formation between 
the two lower cells having been completed. Text-fig 8 represents a still later 
stage, in which there is a linear triad with the upper two degenerated and 
the lowest functioning. Schnarf (1936), in reviewing the various types of 
embryo-sac development in angiosperms, says that among the variations in 
sporogenesis and selection of the functioning macrospore belongs the de- 
generation, after the first and before the second division, of one of the two 
daughter-cells, the one nearer the chalazal end. In this case, however, it is 
the one nearer the micropylar end that degenerates. Coulter (1908) thinks 
that the number of divisions from the embryo-sac mother-cell to the egg 
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TEXT-FIGS. 1-10. Fig. 1. Single archesporial cell of the ovule. Xx600. Fig. 2. Two juxta- 
posed megaspore mother-cells with two layers of wall-cells. X 600. Fig. 3. Single megaspore 
mother-cell. The primary parietal cell has undergone tangential septation. X600. Fig. 4. 
Enlarged megaspore mother-cell with about four layers of wall-cells surrounding it. Note the 
origin of the integuments. The nucleus is in early zygotene. X 600. Fig. 5. The cell towards 
the micropylar end resulting from the heterotypic division of the megaspore mother-cell has 
disintegrated. The lower one is in a process of division. 600. Fig. 6. The wall between the 
two cells is complete. Linear triad with the topmost cell disintegrated. Note the outer integu- 
ment overtaking the inner, though it is initiated slightly later. Note also the heavy parietal 
tissue in which the triad is embedded. X 400. Fig. 7. The lowest of the triad enlarging, and 
the middle one in a process of disintegration. X 600. Fig. 8. The two upper cells disinte- 
grated. The lowest and functioning megaspore enlarging. 400. Fig. 9. Eight-nucleate 
embryo-sac. The antipodal nuclei arranged in a vertical row. X 800. Fig. 10. The synergids 
showing the ‘Hakenférmige Leistenbildung’. The polar nuclei have fused and taken up a 


position near the egg-apparatus. 800. 
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furnishes the most valuable data for phylogenetical and systematic studies. A 
case like this, where there are only four divisions instead of the usual five 
between the embryo-sac mother-cell and the eight-nucleate embryo-sac, will 
have to be considered, on this basis, as a more advanced type. Ernst (1908), 
rejecting Coulter’s view, recognizes two distinct processes in the life-history of 
the gametophyte: embryo-sac formation and embryo-sac development. The 
latter process is determined by the number of divisions, by the arrangement 
of the nuclei and vacuolization. He instances the Liliaceae, where all types of 
megaspore formation are found, from the normal tetrad down to total sup- 
pression. Always, however, the functioning megaspore, by three divisions, 
reaches the eight-nucleate state. Ernst thus disagrees with Coulter’s concept 
that the number of divisions by which the eight-nucleate sac is reached will 
serve as a criterion of homology. The divergence in this matter between two 
closely related genera as Cleome and Gynandropsis rules out, in my opinion, 
any possibility of phylogenetic significance being attached to the number of 
divisions between the megaspore mother-cell and the eight-nucleate sac. The 
synergids have the ‘Hakenfoérmige Leistenbildung’ as in the case of Cleome 
(Text-fig. 10), and the behaviour of the egg and the zygote is the same. Ina 
particular eight-nucleate embryo-sac prior to the migration of the polar nuclei 
(Text-fig. 9) the four antipodal nuclei were arranged one below the other, a 
rather unusual form of disposition. 


The origin and behaviour of the tapetum. 


The archesporium of the anther differentiates as four hypodermals, one 
below each corner of the anther in which the lobing is scarcely evident at this 
stage (Text-fig. 11). It cuts out a parietal cell (Text-fig. 12) which, as in the 
case of the megaspore mother-cell, is more active in the first instance than 
the microspore mother-cell. It immediately divides (Text-fig. 13) peri- 
clinally, followed by similar divisions of adjacent cells (Text-fig. 14). By 
repeated divisions four layers of wall-cells are formed, of which the inner- 
most functions as the tapetum. Text-fig. 15 shows the cells of the innermost 
wall layer in different stages of division; the ones immediately adjacent to the 
pollen mother-cells are the tapetal cells (¢) whose nuclei are more prominent 
than in the rest of the wall-cells. The intermediate layer of cells (Text-figs. 
1572 and 162) cut off from the tapetum, caught as it were between the en- 
larging tapetal cells and the endothecial cells (Text-fig. 16 e), gets tangentially 
stretched and ultimately crushed. In a fully differentiated anther one finds 
the pollen mother-cells closely packed and the surrounding tapetum forms an 
intrusive layer. Such an inpushing of the tapetal cells into the micro- 
sporangial cavity has been reported by Gregory (1936) in Elettaria cardo- 
momum. In fact the tapetum is so very much adpressed to the sporogenous 
tissue and so like it in appearance that one not tracing its ontogeny may easily 
mistake it as being derived from the sporogenous tissue. It was this, perhaps, 
that led Coulter (1898) to observe in Ranunculus that in some cases the whole 
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of the tapetum seemed to be cut off from the periphery of the sporogenous 
tissue. ‘The hypodermal layer (Text-figs. 16 and 17 e) then enlarges, shows 
great radial elongation, and functions as the endothecium. 

The tapetal cell, to begin with, consists of a comparatively prominent 
nucleus and cytoplasm with large vacuoles (Text-fig. 18). The nucleolus is 
very large and small irregular bodies, obviously the prochromosomes, are dis- 
tributed peripherally around the nucleolus. At the time the microspore 
mother-cells are about to enter upon the meiotic stages the tapetal cells 
become binucleate. Text-fig. 19 shows the nucleus of the tapetal cell in the 
telophase of division, which disproves any possibility of an amitotic division 
by which the tapetal nuclei are held by some authors to multiply. Text-fig. 20 
shows the binucleate tapetal cell. Thereafter the behaviour of the tapetal 
nuclei is rather irregular. Sometimes these two nuclei fuse and form a single 
large binucleolated nucleus. Text-fig. 21 shows two adjoining cells, in one 
of which the two nuclei are in a process of fusion while the other shows the 
fused product. The most common behaviour is for the two nuclei to divide 
again, the resulting four nuclei fusing immediately. In fact this fusion follows 
so quickly upon the division that it is hard to find them in a separate condition. 
Text-figs. 22-6 show them in various processes of fusion. A nucleus is 
organized ultimately in which can be seen the four nucleoli of the fused nuclei 
(Text-fig. 26). Not infrequently all these stages are represented side by 
side in the same tapetum. Gates and Rees (1921) have reported that in Lactuca 
the tapetal cells are quadrinucleate on one side of the loculus and binucleate 
on the other. 

The chromatin bodies in the meantime become coarser and denser and the 
nucleoli becoming merged with these, the nucleus at pollen-grain stage pre- 
sents an ovoid appearance with its contents disintegrating (‘Text-fig. 27). ‘The 
cell itself is greatly stretched tangentially and ultimately torn. The contents 
of the cells and nuclei pour into the sporangial cavity and are presumably 
utilized by the developing pollen grains. Cooper (1933), after investigating 
forty-three species of angiosperms, groups them into three classes according 
to the behaviour of the tapetal nuclei: (i) in which the mature tapetal cell is 
uninucleate, (ii) in which the nucleus divides once and is binucleate, and (iii) 
plurinucleate tapetal cells. But he thinks that the plurinucleate condition 
arises from failure to complete the nuclear divisions. ‘The observations herein 
recorded show that the nucleus divides first and later there is a definite fusion. 
Recently Bhargava (1936) and Singh (1936) have recorded a similar fusion of 
nuclei in the tapetal cells of Chenopodium and Ranunculus respectively. 
Bonnet (1912), who has made an elaborate study of the problem, observes: 
‘Parallélement aux phénoménes de multiplication nucléaire qui tendent a 
rendre la cellule polyénergide, se produit un processus inverse, qui tend a 
centrer 4 nouveau la cellule autour d’un noyau unique. . . . Ces fusions 
peuvent s’effectuer entre deux ou plus de deux noyaux.’ This is in agreement 
with the observations herein recorded. 
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TEXT-FIGS. 11-40. Fig. 11. The origin of the archesporium of the anther as four hypoder- 
mals below each corner of the anther sac. x 240. Fig. 12. The archesporial cell dividing 
to cut off the primary parietal cell. x 350. Fig. 13. The primary cell has undergone periclinal 
division. X350. Fig. 14. The undivided microspore mother-cell is surrounded by three 
layers of wall-cells. x 350. Fig. 15. Tapetum (t) being derived from the division of the inner- 
most wall layer (2). X 350. Fig. 16. A mature anther-sac. e = endothecium, 7 = intermediate 
layer, and t = tapetum. X240. Fig. 17. The endothecial cells (e) greatly elongated radially. 
The intermediate layer crushed and the tapetal cells disorganized and their contents 
flowing into the cavity of the anther-sac. x 350. Fig. 18. Uninucleate tapetal cell. Note the 
highly vacuolated nature of the cytoplasm. X 800. Fig. 19. Nucleus of the tapetal cell in 
telophase of division. x 800. Fig. 20. Binucleate tapetal cell. x 800. Fig. 21. Two adjoining 
cells of the tapetum. In the one on the left the two nuclei are just fusing, while in the other 
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Text-figs. 29-34 show pollen grains in various views and different stages 
of germination. The exine is thick, and at some regions is thicker than in 
others. The nucleus to begin with is centrally situated and enlarges greatly 
prior to division (Text-fig. 30). It then migrates to a peripheral position and 
in Text-figs. 32 and 33 are seen the metaphase plate in side view as also telo- 
phase. The two nuclei resulting from the division are at first equal in size, 
but the generative cell ultimately assumes a lenticular shape (Text-fig. 36). 
At telophase, represented in Text-fig. 34, a clear plate across the spindle could 
be seen, which cuts the microspore into two cells of very unequal size. The 
one towards the microspore wall is the generative cell. It rounds itself off 
from the wall of the pollen grain and organizes itself into a lenticular cell 
which, as it were, comes to be embedded in the cytoplasm of the pollen grain. 
It is at this stage that the microspores are shed. 


Miucrosporogenests. 


The pollen mother-cells occur as a closely packed cylindrical column 
pressed against the tapetum and consisting of several longitudinal rows. Each 
pollen mother-cell is irregularly polygonal in outline and they fit closely to- 
gether. They lose their angularity and separate from one another at about 
diakinesis. A discussion of the early stages of meiosis and the prochromo- 
somes in Gynandropsis and the related genus Polanisia is given in a separate 
paper. 

Diakinesis. 

While at diplotene the paired threads more or less crowd around the 
nucleolus, at early diakinesis the thirty-four chromosomes, which form in- 
variably seventeen pairs, are approximately equidistant from one another 
(Pl. I, Fig. 2), around the periphery of the nucleus. This, according to 
Lawrence (1931), is due to a repulsion phase which begins at earliest prophase 
and continues till mid-diakinesis, by which time the chromosomes are sharply 
defined. The spacing of the seventeen pairs is fairly regular, and, moreover, the 
members of each pair are seen to be repelled to about the same distance from 
one another. Gates (1909) first observed a uniform spacing of the bivalents 
in Oenothera at diakinesis, and suggested even then that this was due to a 
mutual repulsion of the bivalents. 

In over thirty nuclei examined at diakinecis, no case was found suggesting 


they have fused. x 800. Figs. 22-6. The nuclei in various stages of fusion. x 500. Fig. 27. 
A disintegrating tapetal cell. x 800. Fig. 28. Archesporial cell of the ovule. Thirty-four 
prochromosomes are seen with four attached to the nucleolus. x 1,500. F igs. 29-34. Pollen 
grains in various views. The nucleus in various stages of division. X 800. Fig. 35. Mature 
pollen grain in sectional view; the lower one is the generative cell. x 800. Fig. 36. The 
lenticular shape of the generative cell is shown. X 800. Figs. 37, 38. Two abnormal cases of 
cytokinesis. X 1,500. Fig. 39. The homotypic spindles in the same plane. X 2,500. Fig. 40. 
The homotypic spindles at right angles to one another. X 2,500. 
966-5 G 
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association of more than two chromosomes. Multivalent formation can there- 
fore be said to be absent at this stage. 

The bivalents are of two kinds, excluding the two lagging ones of which 
mention will be made later. In the first type the members are connected at 
one end only, forming a rod-shaped pair. In the second, there are connexions 
at both ends, giving a ring bivalent (Pl. I, Fig. 2R). Lawrence (1931) 
observes that the first type, which is characteristic of all small chromosomes, 
arises out of a swinging apart and subsequent orientation of the component 
members, so that the two chromosomes are apparently paired end to end. 
Nandi (1936), who has made an analysis of the chromosome complement of 
Oryza, finds the smallest chromosomes forming one chiasma in one arm, and 
terminalization of this results in a rod bivalent. The longer bivalents form 
ring bivalents. In this case two ring bivalents are recognized in diakinesis and 
first metaphase (Pl. I, Fig. 2, and Text-fig. 53). This is borne out by four 
chromosomes of the somatic complement being definitely longer than the 
rest (Text-fig. 56). Obviously it is these that form the ring bivalents with two 
terminal chiasmata in each. From mid-diakinesis onwards the repulsive force 
gradually diminishes and the bivalents move away from the periphery toward 
the centre of the nucleus (PI. I, Fig. 4). Side by side with this the members 
of each pair come close together and the previously attenuated connexions 
shorten and thicken. In Gynandropsis the chromosomes evidently lose their 
charge and aggregate in the centre of the nucleus before the nuclear membrane 
disappears. 


Prometaphase. 


At the close of diakinesis this converging movement becomes accentuated, 
resulting in the crowding of the chromosome pairs in the centre of the nucleus. 
Thus the transformation from early diakinesis to prometaphase is marked by 
a migration of the bivalents from the periphery to the centre of the nucleus 
and a close approximation of the chromosomes of each bivalent to such an 
extent that their duality becomes almost obscured. Prometaphase is charac- 
terized by yet another phenomenon, that of the grouping in a definite manner 
of the bivalents which hitherto remained separate from one another, dis- 
tributed equally either near the periphery or the centre of the nucleus. 
Pl. I, Fig. 5, shows prometaphase bivalents in four groups of two, one of 
three, and six singles. This is the beginning of the secondary association of 
chromosomes which manifests itself in a prominent manner in the succeeding 
metaphase and anaphase, and of which a detailed description is given below. 
The bivalents undergo orientation in such a manner that they come to lie in 
the same direction as the spindle fibres. 


Metaphase. 


Prometaphase is succeeded by metaphase, the most characteristic feature 
of which is the approximation of the separate bivalents. In well-fixed pre- 
parations this association never tends to actual contact. This secondary 
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association is so very prevalent that very few metaphase plates were found 
without secondary pairing. 

Kuwada (1929) compares the chromosome arrangement with that of 
Mayer’s (1879) floating magnets. Mayer has shown the configurations 
formed by numbers of magnets extending from two to twenty. The number 
of needles forming the configuration was floated in a bowl of water. ‘The eye 
ends of the needles, which protruded a short distance beyond the tops of 
corks, were of S-polarity. A cylindrical magnet, 30 cm. long and :5 mm. in 
diameter, was clamped in a vertical position with its N-end at the constant 
distance of 60 mm. above the tip of the needle which floated in the line of 
axis of the magnet. The configurations made by the floating magnets fall into 
well-marked groups or classes—primary, secondary, tertiary, quaternary, &c. 
The stable configuration of one class forms the nucleus to the succeeding ones. 
That configuration is the most stable which has the least number of needles 
for its nucleus. The stable configuration of seventeen, which comes within 
the secondary group, consists of a ‘nucleus’ of six plus one, with ten arranged 
in a ring around it. The stable primaries form the nuclei of the secondaries. 
An examination of a large number of nuclear plates revealed that the stable 
form of arrangement conforms to this type, but this is distorted to a con- 
siderable extent by secondary association. Text-figs. 41-51 show a number of 
plates arranged according to the number of associations exhibited by the 
component chromosomes and starting from Text-fig. 41, which shows only 
one association and in which could be seen the stable configuration 10 (6+-1), 
one can see how this arrangement is gradually distorted or interfered with as 
the number of associations increases. Alam (1936) has found a similar dis- 
tortion of the theoretical arrangement of the metaphase chromosomes in the 
Cruciferae due to the effect of secondary pairing. Nandi (1936), however, 
considers that the mechanism of chromosome distribution on the metaphase 
plate is not disturbed by secondary association and that when secondary 
association is present the groups of paired bivalents act as single bodies and 
arrange themselves in accordance with a corresponding number of floating 
magnets. He attributes the distorted appearance of the type described here 
to the fact of the chromosomes being fixed at various stages of the oscillating 
movement which characterizes the chromosomes at diakinesis, the chromo- 
somes acting as floating bodies which mutually repel each other. Whatever 
the cause, I have not been able to see anything but a distortion brought about 
by the secondary association. In Capparts sepiaria (Text-fig. 52) the twenty 
bivalents are all in pairs. This is very similar to the condition observed by 
Hagerup (1931) in C. Rothit, and he says: ‘Die Chromosomen liegen deutlich 
paarweise angeordnet (Text-fig. 8), was bedeuten kann, dass die Art tetra- 
ploid ist.’ 

Analysis of side-views of all metaphase chromosomes is rendered difficult 
not only because of the large number but because of secondary association, 
and the secondarily paired chromosome groups often lie one below the other 
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TEXT-FIGS. 41-57. Figs. 41-51. Gynandropsis pollen mother-cell nuclei showing varying 
degrees of secondary associations. In Fig. 41, with only one group of two, the stable form of 
magnetic arrangement 10 (6+1) is seen. Note how this is distorted as the number of associa- 
tions increases. Figs. 50 and 51 show the maximum association. X 5,000. Fig. 52. Capparis 
sepiaria pollen mother-cell; Metaphase I from aceto-carmine preparation (7 = 20), all the 
bivalents in pairs. X 3,000. Fig. 53. Side-view first metaphase, Gynandropsis. 1 = a group 
of twa bivalents with incompletely terminalized chiasmata. X 5,000. Figs. 54, 55. Lagging 
bivalents. First anaphase, Gynandropsis. X 5,000. Fig. 56. Metaphase polar view root-tip 
of Gynandropsis (27 = 34). X 5,000. Fig. 57. Second metaphase, both plates in polar view. 


Note six groups of two in the lower plate. x 5,000. 

so that their perpendicular disposition with reference to the field of the micro- 
scope makes them difficult of resolution. In Text-fig. 53 all the seventeen 
bivalents are shown in side-view of first metaphase. ‘They have been separated 
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laterally while drawing, care, however, being taken not to interfere with the 
bivalents that are secondarily paired. It is obvious that the paired bivalents 
of one group show similarity in size, configuration and in the number and 
position of the chiasmata. Six groups of two and five separate bivalents are 
shown in the Text-fig. 53. Of the six groups of two, one group is made up of 
ring bivalents possessing two terminal chiasmata. Two seem to possess in- 
completely terminalized chiasmata (Text-fig. 53 1). The rest belong to the 
rod-shaped type with one terminal chiasma each. 


Secondary pairing. 


A variable number of bivalents are seen to be secondarily associated. This 
pairing, which becomes evident at prometaphase, is exhibited very clearly in 
first metaphase and first anaphase, and less clearly in second metaphase 
(Text-fig. 57). Table I gives a summary of the various types of secondary 


TABLE [ 


Types of Secondary Association 


No. of bivalents in assn. 
No. of cases. Total. 


No. of sec. assns. Te De ae 
I 15 I — I I 
a 13 2 _ 2 2 
3 5a 3 — 2 2 
5 9 I 2 2 2 
6 5 6 = 5 
6 4 I | 17 
al 2 2 6 
7 5 3 2 4 9 
a 5 I 5 
8 3 4 2 °| 10 
4 2 33 4 
9 2 3 3 4 4 
B I 4 I 
10 I 2 4 2 2, 
49 


association. In computing the number of secondary associations in each case, 
an association of three bivalents is counted as two and that of two bivalents 
as one. ‘he number of secondary associations per plate ranges from one to 
ten, the mode being six. The maximum of ten has been seen twice in the 
forty-nine plates examined (‘Text-figs. 50 and 51). It shows four groups of 
three, two groups of two, and a single, making seven separate associations. 


Anaphase I. 

In anaphase secondary association is maintained to the same extent as in 
first metaphase. As to the forces that are responsible for the anaphasic 
separation, divergent views have been held. Kuwada (1932) assumes that this 
is due to polar attraction while Darlington (1932) insists on a polar repulsion 
which he considers essential for metaphasic equilibrium. Since it is a fact that 
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pieces of cork with magnetized needles representing the chromosomes take up 
the stable configuration only under the influence of a magnet that bears the 
charge opposite to that of the needles, it is evident that the poles tend to exert 
an attractive rather than a repulsive force, for a magnet of the same charge 
brings about a dislocation and scattering of the arrangement. Catcheside 
(1934) describes the attachment constrictions as being the seat of localized 
forces leading to a mutual repulsion of the chromosomes of a bivalent. This 
is derived from a release of the particulate attractions which led to the pairing 
of the chromatids at zygotene, brought about by the condensation of each 
chromatid at first metaphase. In common with Alam (1936), I believe that the 
anaphasic separation is brought about by both these forces, repulsion between 
attachment constrictions and the attractions of the poles. 

Lagging bivalents are frequently met with and two particular bivalents 
always seem to lag. Their configuration (Text-figs. 54 and 55) at separation 
indicates that this is due to the presence of interstitial chiasmata. In Text- 
fig. 53, representing side-views of first metaphase, two bivalents (/) are seen 
in which there is suggestion of interstitial chiasmata, and it is likely that these 
are the ones that lag. This is in keeping with the observations of Catcheside 
(1934) on the Cruciferae. 


Interkinests. 


After the chromosomes have reached the poles, each group organizes a 
telophase nucleus. The nucleolus makes its appearance and the chromosomes 
are more or less uniformly distributed as in diakinesis. Gates (1909) first 
recorded the uniform spacing of the chromosomes at interkinesis in Oenothera, 
and this he attributed to a mutual repulsion. The clumping of the chromo- 
somes at early telophase is, according to him, due to attraction. But ‘the 
medium in which bodies float frequently changes their qualities of attraction 
and repulsion, and it appears that the repulsion first develops after the appear- 
ance of the karyolymph in which the chromosomes float’. No partition wall 
is formed between the daughter nuclei (PI. I, Fig. 6), nor is any resting 
condition of the nuclei found at interkinesis. The chromosomes, however, 
seem to be connected by thin strands. This appears to represent a stage 
analogous to early prophase described elsewhere, where the prochromosomes 
seen in the resting stage as irregular bodies, being portions of thin strands 
which form the ‘reticulum’, become more prominent at a later stage. This 
stage at interkinesis is similar to the one described above, so that it would 
appear that the seventeen bodies organized at this time are the prochromo- 
somes and the thin lines connecting them are the chromatin threads. Further 
continuance of this process which is the reverse of the earlier resolution of the 
chromosomes from prochromosomes would, by the diminution of chromatin 
in these prochromosomes, result in the attainment of the resting condition. 
But since no resting condition is reached during interkinesis, it is at once 
followed by second metaphase. 


in the Capparidaceae. II 87 


Homotypic divisions. 


‘The two unseparated daughter nuclei divide nearly simultaneously. The 
spindles may be in the same plane (Text-fig. 39) or at right angles to one 
another (Text-fig. 40). At second metaphase the chromosomes assume the 
arrangement of floating magnets, but secondary pairing, which persists even 
up to this stage, distorts the arrangement. Text-fig. 57 shows both the 
chromosome groups in polar view. The lower plate shows six groups of two 
and five distributed singly. At second telophase (PI. I, Fig. 9) the dis- 
tribution of the prochromosomes resembles markedly that found at inter- 
kinesis. The connecting fibres are also apparent, and as the nuclei pass into 
the resting condition synchronizing with the organization of the microspore, 
these chromatin bodies become paler and the strands become slightly more 
chromatic and present the appearance described for the pre-meiotic nuclei 
of the pollen mother-cell. The tetrads are of either the tetrahedral (PI. I, 
Fig. 9) or the quadrite type (Pl. I, Fig. 10). It may be of interest to record 
here that several stages of meiotic divisions are represented side by side in the 
same anther lobe. It is quite common to see in the smear preparations of a 
bud, tetrads at some portions, first metaphase at some other, second anaphase 
at another, and so on. 


Abnormalities of cytokinesis. 

Though as a rule no cytokinesis takes place after the first division, a few 
mother-cells were seen in which the daughter nuclei had been separated by 
a wall (Text-fig. 38), so that two daughter-cells are rounded off while the 
chromosomes were in second metaphase. In another case (‘Text-fig. 37) the 
pollen mother-cell is seen undergoing a process of constriction (presumably 
in a process of division) while the chromosomes are in the telophase of the 
first division. Such and other abnormalities seem to be widely prevalent in the 
closely allied Papaveraceae, as disclosed by the observations of Yasui (1931). 


The nucleolus; its organization and behaviour. 

The nucleolus is organized as two distinct bodies in the telophase preceding 
interphase (Pl. I, Fig. 8). To each nucleolus is attached a prochromosome. 
This indicates that the origin of the two nucleoli is governed by two distinct 
meiotic chromosomes. Very often one of the two nucleoli is bigger than the 
other, perhaps due to competition. Heitz (1931 a) showed that when two 
satellited chromosomes were present in a monoploid complement, distinctive 
size differences of the nucleoli could result and that this could be corrclated 
with the differential functioning activities of the two sat.-chromosomes. Both 
at the resting condition of the pollen mother-cell and the prophase of meiosis 
there is, as a rule, only one large nucleolus. This must obviously be due to 
fusion of the two nucleoli which must have originated as four bodies in the 
last telophase of the pre-meiotic division. I was not able to see this in the pre- 
meiotic nuclei, but an examination of the cells of the root-tips revealed that in 
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the telophase of somatic mitosis, the nucleoli originate as four irregular 
masses, to each of which a prochromosome is found attached (PI. I, Fig. 7). 
A fusion such as the one suggested is also in agreement with the observations 
of Heitz (1931 5), who observed that fusion of such nucleoli could occur very 
early in the telophase. Pl. I, Fig. 1, shows the nuclei of the pollen mother- 
cell at zygotene. The paired threads are so delicate that it is impossible to 
count them at that stage. There are two deeply staining bodies attached to the 
nucleolus. These are obviously the nucleolar bodies in connexion with the 
two pairs of zygotene threads. Very often the paired threads are attached to 
the nucleolus with a bud of the nucleolus at the attachment region. Smith 
(1933) found a similar bud of the nucleolus in Galtonia and found that the two 
satellited chromosomes form a bivalent whose satellites are independently 
attached to the nucleolus. At all phases of diakinesis two bivalents occur 
attached to the nucleolus (Pl. I, Figs. 2 and 4). In Pl. I, Fig. 6, where 
there are two nucleoli, a bivalent is attached to each. At interphase two 
nucleoli occur, to each of which is attached a prochromosome (PI. I, 
Fig. 8). There seems to be no doubt, therefore, that these nucleoli are 
organized by the chromosomes to which they are attached. This means that 
the somatic complement should possess four satellited chromosomes. I was 
not, howeyer, able to see the satellites in the prophase or metaphase chromo- 
somes. But the fact that the nucleoli originate as four separate bodies (PI. I, 
Fig. 7) is a fair indication that two pairs of satellited chromosomes are respon- 
sible for their organization. This is also corroborated by four prochromo- 
somes being attached to the nucleolus in the archesporial cell of the ovule 
(Text-fig. 28), prior to the cutting-off of the primary parietal cell. 


DISCUSSION 
Secondary association. 

The association of bivalents at meiosis was first observed by Kuwada (1910) 
in Oryza sativa. He found this only in second metaphase. Ishikawa (1911) 
found secondary pairing also at second metaphase of Dahlia variabilis. Since 
then various authors have found the phenomenon in different genera. 
Darlington (1928) originally advocated the theory of secondary pairing in his 
studies in Prunus. It was put on a systematic basis by Lawrence (1931), who 
has discussed all the then known cases of secondary pairing. 

Secondary association may be defined as pairing of bivalents which are 
phylogenetically related, though in a distant way. It results from an attraction 
between such chromosomes; in other words, ancestral homology results in 
pairing. It is therefore ‘intimately connected with allopolyploidy’ (Lawrence, 
1931). In typical allopolyploids derived from a previous cross there is a com- 
paratively low proportion of multivalent formation. This means that the 
corresponding chromosomes derived from the two parents are not completely 
identical but are slightly different, which fact is manifested by the degree of 
attraction existing between the bivalents of the two parents. Usually, there- 
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fore, pairing takes place between chromosomes of the same parent, and this 
implies that syndiploidy has already been brought about, either by somatic 
doubling or by the fusion of unreduced gametes. Cases are, however, known 
which exhibit gradation from almost complete identity of the homologues 
derived from the opposite parents to strong difference between them. Poole 
(1931) showed that in the diploid hybrid of Crepis rubra x C. foetida there was 
complete pairing of the chromosomes, suggesting that they behaved as though 
they were from the same parents. The tetraploid derived from it behaved 
almost like an autotetraploid, quadrivalent formation being very common. 
On the other hand, Karpechenko (1927) has found that in the diploid hybrid, 
Raphanus sativus x Brassica oleracea, no pairing occurs, while in the tetraploid 
there are no quadrivalents. It is in cases such as this that secondary associa- 
tion helps in the determination of chromosome homology. The homologues 
from the two parents are different enough not to allow of pairing, but their 
affinity could always be inferred by the exhibition of secondary pairing be- 
tween them. In other words, secondary association is a measure of the degree 
of affinity between the homologous chromosomes of the different parents. 

Since the degree of secondary association is a measure of chromosome 
homology, according to Miintzing (1933) it is therefore a rough indication of 
the age of the species. He considers the so-called diploid varieties of potatoes 
to be really ancient allotetraploids. No multivalent association occurs in them, 
and therefore they are not of recent origin. Differentiation of the correspond- 
ing chromosome sets has proceeded far enough to prevent pairing between 
them. On the other hand, the high frequency of secondary association indi- 
cates, according to him, ‘that the potatoes with 24 chromosomes are not very 
ancient allotetraploids for, if they were, differentiation would have been much 
more complete and little or no secondary association evident’. This course of 
argument suggests that an allotetraploid showing a high frequency of multi- 
valent formation is to be considered a recent form inasmuch as differentiation 
has not proceeded far enough to inhibit pairing between homologues derived 
from opposite parents. This is an argument that may not be quite acceptable, 
because even in many experimentally produced allopolyploids there are cases 
where no multivalent formation is seen, though this depends mainly on how 
different the parents are before the cross. This cannot imply an ancient 
origin for them. 

The case of Primulu kewensis (Newton and Pellew, 1929) comes between the 
two described above. In their diploid form, floribunda chromosomes pair with 
verticillata chromosomes, thus resembling the Crepis rubra x C. foetida hybrid, 
but in the tetraploid no multivalent formation is seen and pairing takes place 
only between verticillata and verticillata and floribunda and floribunda. ‘Thus 
it is abundantly clear that in most cases syndiploidy is a necessary antecedent 
of fertile allopolyploidy. 

In Gynandropsis we find that the maximum number of associations, seen 
twice, gives seven groups of chromosomes; four groups of three, two of two, 
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and one bivalent separate. This means that the diploid set of thirty-four 
chromosomes belong to seven types, four of which are represented six times, 
two four times, and one twice. The haploid chromosome set may be repre- 
sented by 

AAA 

BBB 

CCC 

DDD 

EE 

FF 

G 


Thus the original ancestor of Gynandropsis would have had a basic number of 
seven and G. pentaphylla is to be considered a secondary polyploid. The 
derivation of the chromosome complement 2” = 34 from b = 7 (Gates, 1935) 
may be explained as follows. Let us designate the original ancestral form 
having a haploid set of seven chromosomes as A. Another type ‘A’ having the 
same chromosome number may well be imagined to arise from the original 
form by gene mutation or structural changes such as translocation, inver- 
sion, &c. The diploid hybrid between the two will be almost sterile owing 
to lack of pairing (compare Goodspeed and Clausen, 1927, in Nicotiana; 
Karpechenko, 1928, in Raphanus x Brassica). By amphidiploidy, a tetraploid 
plant with twenty-eight chromosomes is derived. Non-disjunction may lead 
to plants with additional chromosomes and by competition a thirty-four 
chromosome organism may survive. Or in the alternative, a cross between a 
tetraploid and a hexaploid is likely to give a stable plant with thirty-four 
chromosomes. Future genetical work may, in my opinion, confirm the poly- 
ploid nature of this species. 

It is interesting to note that in Brassica, belonging to a closely related family, 
the occurrence of duplicate factors is well established (Pease, 1926; Kristoffer- 
son, 1924). For instance, the ‘bulbing’ in kohlrabi is governed by duplicate 
factors, so also its purple pigment, there being a 9 : 7 ratio of purples to greens 
in F, as a result of a cross with green savoy. Similarly two factors, K, and Ky, 
were found to control the curly foliage of kale (Pease, 1926) and of broccoli 
(Kristofferson, 1924) as against the non-curling of the cabbage. In a similar 
manner the genetics of any character in Gynandropsis may show that it is 
controlled by duplicate factors, suggesting the polyploid nature of the plant. 

In the Pomoideae, Darlington and Moffett (1930) have shown that the 
somatic number thirty-four is derived from a basic number seven. But the 
gametic constitution of the two types is different in that whereas here it is 
quadruply hexasomic, the Pomoideae are trebly so. 

The chromosome numbers so far known in the Capparidaceae are given in 
Table II. ‘They are confined exclusively to a few species of two genera, Cleome 
and Capparis, and the numbers range from 2n = 8 to 140. I have tried to 
see if any light could be thrown on the phylogeny of the two groups, Cleo- 
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moideae and the Capparidoideae, on the basis of the chromosome numbers and 
the now suggested basic number for an important member of the Cleo- 
moideae. But the numbers available are so few that they do not lend them- 
selves to any interpretation along this line. It seems to me that all these are 


TABLE II 


Chromosome Numbers in the Capparidaceae (Gaiser, 1926, 1930, and 
Tischler, 1931) 


n 2n 

Cleome gigantea of : : s — 70  Ufer (1927). 

a » var. gigas . ; é 70 —— », (Tischler, 1931). 
C. paradoxa : : : : 16 —  Tischler (1921-2). 
C. spinosa : é ; 2 : — 38  Ufer (1927). 
*C. Chelidonii . : ; : : 10 — Author. 
*Polanisia trachysperma . : : — 20 5 
Cleome viscosa . : : : : 10 — Janaki ammal (1933). 
*Gynandropsis pentaphylla . ; : 17 34 Author. 
Capparis acutifolia . 3 : ; ca 85 Kuhn (1928). 
C. Cynophallophora . : : ; — 18 5 
C. saligna : z : ; : ao 30 ~ 
*C.sepiaria . : . - : 20 — Author. 
C. Rothi Oliv. : ; ; : 20 — Hagerup (1931). 


Those marked * have been determined by me. 


secondarily balanced numbers and very likely represent different balances of 
the same primary basic number seven. It is quite conceivable that from this 
primary basic number there arose first the Capparidoideae by allopolyploidy 
and then the Cleomoideae. This is in keeping with the fact that the Cleo- 
moideae are exclusively herbaceous, and the Capparidoideae woody shrubs. 
Chromosome studies of more members of the family, which I hope to con- 
tinue, may throw more light on the suggestions that have tentatively been 
made here. 


The nucleolus. 

The nucleolus has been the subject of much discussion. Navashin (1912) 
first discovered a pair of satellited chromosomes in Galtonia, and since he 
found the satellites attached to the surface of the nucleolus, he termed them 
‘nucleosomes’. He was led to conclude, from studies of somatic prophases, 
that these satellites were picked up by fine strands sent out by two chromo- 
somes which thus became the satellite chromosomes. Though workers like 
Kuhn (1928), Metz (1927), and others observed the attachment of particular 
chromosomes to the nucleolus, the true significance was not well understood 
till Heitz (1931 4), demonstrated that the nucleolus originated in the telophase 
at the position of the satellite stalk or secondary constriction and that the 
number of nucleoli formed depended upon the number of satellite chromosomes 
present in the complement. These nucleoli fuse to form one if the members 
of the pair were near enough together to bring the nucleoli into contact. In 
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another paper (Heitz, 1931 a) he examined thirty-three species of Vicia. 
finding two or four satellited chromosomes normally present in each. He 
concluded that all plants probably have satellited chromosomes which give 
rise to the nucleoli in telophase. McClintock (1934) studied in detail a case 
of reciprocal translocation between chromosomes VI and IX in Zea mays, and 
showed that the nucleolus originated not from the stalk or secondary constric- 
tion but from an organized body in the chromosome directly adjacent to the 
stalk of the satellite. This deeply staining body, at the point where the satellite 
chromosome is attached to the nucleolus, she called the nucleolar-organizing 
body. From other observations she concluded that the number of nucleoli in 
somatic telophases is correlated with the number of satellite chromosomes, 
haploid cells having one, diploids two, and triploids three. Gates ( 1937) has 
recently given a review of the work done so far in the elucidation of the 
relation between the nucleolus and the chromosomes. 

In the plant under investigation, satellite chromosomes could not be made 
out in the somatic prophase or metaphase, probably owing to the smallness 
of the bodies and their delicate nature. In meiosis, the two darkly staining 
bodies attached to the nucleolus represent undoubtedly either the satellites 
themselves or the nucleolar bodies which produce the nucleolus at the base 
of the connecting thread in the satellite chromosomes. Whatever the nature 
of the bodies, it is abundantly evident that there occur in the monoploid com- 
plement of Gynandropsis two satellited chromosomes which are responsible 
for the organization of the nucleolus. The continuity of the connexion of the 
nucleolus with the two chromosomes is evident in all stages of meiosis where 
the nucleolus is present. At diakinesis two bivalents are attached to the 
nucleolus (PI. I, Figs. 2 and 4), or if there are two nucleoli, one bivalent is 
attached to each (PI. I, Fig. 3). At interphase there are two nucleoli, to 
each of which one prochromosome is attached (Pl. I, Fig. 8),or these may 
fuse and two prochromosomes are then attached to the single nucleolus 
(Pl. I, Fig. 6). This condition is also borne out by the fact that in mitotic 
telophase four small nucleoli originate (PI. I, F ig. 7)which later fuse into one. 

There is also another question connected with the interpretation of the 
number of nucleoli that originate in the telophase, and therefore with the 
number of satellited chromosomes. De Mol (1926) examined seedlings of Hya- 
cinthus, and found that the number of nucleoli in the resting nucleus was corre- 
lated with the number of monoploid complements present. According to him 
the number of nucleoli in the cells was a reliable guide to the polyploidy of 
the plant, diploids having generally two nucleoli, triploids three, and tetra- 
ploids four. The simple nucleoli were all of the same size, the fusion nucleoli, 
when they occurred, being larger. Heitz (1931 a) also shared this opinion 
when he concluded that all plants must have satellited chromosomes, haploid 
with one, diploid with two, and so on. McClintock (1934) has also emphasized 
this correlation. The occurrence of two deeply staining bodies in connexion 
with two pairs of zygotene threads, the attachment of two bivalents to the 
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nucleolus in diakinesis, the presence of two nucleoli in interphase, the origin 
of four nucleoli in somatic telophase, and the attachment of four prochromo- 
somes to the nucleolus of the archesporial cell of the ovule, all these point to 
the fact of the plant being a tetraploid though a functioning diploid. It has 
already been suggested in connexion with the secondary association that the 
plant is likely to be a secondarily balanced allotetraploid, and the nucleolar 
behaviour confirms this suggestion. 


SUMMARY 


The diploid chromosome number of Gynandropsis pentaphylla is thirty- 
four and the haploid seventeen. 

The origin and behaviour of the megaspore is essentially the same as 
described for Cleome Chelidonii. The linear triad, which is the most commonly 
prevalent condition, is not held to be of any phylogenetic significance. 

The origin and behaviour of the tapetum in the anther-sac is described. It 
is differentiated from the innermost wall layer and becomes binucleate early. 
The nuclei divide again and the resulting four nuclei fuse. Different cells of 
the same tapetal layer show different stages of division and fusion of their 
nuclei. 

The pollen grains are binucleate at the time of shedding. The generative 
nucleus is surrounded by specialized cytoplasm with a thin membrane to 
form a lenticular cell. 

Secondary association in stages of meiosis has been recorded and the basic 
number, based on maximum association, is found to be seven. 

The behaviour of the nucleolus is described and two satellited chromosomes 
are found to be responsible for the organization of the nucleolus in the mono- 
ploid cell. From both secondary association and nucleolar behaviour, it is 
concluded that the plant is a secondarily balanced allotetraploid. 


In conclusion, it is a source of sincere pleasure to record my indebtedness 
to Professor R. R. Gates for his helpful guidance and unfailing interest in the 
progress of the work. 
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EXPLANATION OF PLATE I 


T.S. Raghavan’s paper on ‘Morphological and Cytological Studies in the Capparidaceae. II. 
Floral Morphology and Cytology of Gynandropsis pentapyhlla DC’. 


Fig. 1. Pollen mother-cell with zygotene threads. Two pairs of chromosomes are attached 
to the nucleolus with the deeply staining bodies at the region of contact. X 3,400. 
Fig. 2. Early diakinesis. R = ring bivalents. Note the two bivalents attached to the nucleo- 


lus. X 3,400. 
Fig. 3. Early diakinesis. Note two nucleoli, to each of which one bivalent is attached. 
X 3,400. 


Fig. 4. Mid-diakinesis. The bivalents have shifted to the centre. Note the two bivalents 
attached to the nucleolus. X 3,400. 

Fig. 5. Prometaphase. Note their close aggregation as also the beginning of the secondary 
association. X 3,400. 

Fig. 6. Interkinesis. All the 17 prochromosomes are seen in the lower nucleus, two of which 
are attached to the nucleolus. X 3,400. 

Fig. 7. Somatic telophase. Note four nucleoli, to each of which one prochromosome is 
attached. X 3,400. 

Fig. 8. Telophase preceding interkinesis. Note two nucleoli, to each of which one pro- 
chromosome is attached. X 3,400. 

Vig. 9g. Tetrahedral arrangement of the microspore nuclei. X 3,400. 

“ie 10, Quadrite arrangement of the same. X 3,400. 
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RAGYAVAN — GYNANDROPSIS: 


The Occurrence of Long and Short Cycles in Growth 
Measurements of Lemna minor 


BY 


HUGH DICKSON 


(Department of Plant Physiology, Imperial College of Science and 
Technology, London, S.W. 7) 


With four Figures in the Text. 


I. INTRODUCTION 


URING an investigation of the effects of alternating periods of light and 
D darkness on the growth of Lemna minor (Dickson, 1938) it was found 
that the rate of frond multiplication was not strictly constant, i.e. that the 
logarithm of the frond number plotted against time did not give a straight 
line. It was thought at first that this divergence from the results of previous 
work on Lemna was due to the plants not having come into equilibrium with 
the conditions under which they were growing. Measurements were conse- 
quently continued for a further period, when it became apparent that the rate 
of increase in frond number, while approximately exponential, showed a 
variation which takes the form of a long-wave motion superimposed on the 
exponential curve. The time required for the completion of a cycle ranges 
from twenty-five to forty days according to the conditions. A short cycle has 
also been established, and the following account deals with various aspects 
of these two cycles. 


2. EXPERIMENTAL RESULTS 


The data given below are taken from certain of the experiments described 
in the paper referred to previously, Dickson (1938), in which cultural and 
other details are to be found. 


(a) The long cycle in frond-number determinations. 

The graphs of Figs. 1 and 2 show the differences between successive log. 
frond numbers and their respective calculated values plotted against time. 
In the four graphs a to D of Fig. 1, the culture solution was made up with 
distilled water condensed on copper. This was injurious and ultimately had 
a lethal effect ; the equations of the rate of increase in number were calculated 
from measurements made during the first twenty-one days in each case, i.e. 
before injuries had become apparent. The four graphs E to H of Fig. 2 are 
from material grown in a solution made up with water condensed on glass, 
in which no lethal effect was produced, and in these cases the equations were 
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calculated from all the observations. The ordinates in all cases represent the 
differences between the log. frond numbers and their respective values calcu- 
lated from the equations. The equations were all obtained by the method of 
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least squares (Fisher, 1928), and are given below each graph. In all cases x 
represents the increase of the log. frond number in two days. 

In Fig. 1 measurements were made every day for the first part of each 
experiment, but subsequently only on alternate days. In Fig. 2, on the other 
hand, measurements were carried out on alternate days, except over the 
period March 3-12 inclusive, when they were made every day. The four 
experiments in Fig. 1 were all carried out with Lemna obtained originally 
from Chelsea. A clone was developed and grown for a fortnight under the 
conditions of the experiment. Two samples of 100 fronds each were then 
taken from it and one placed under one-minute alternations of light and 
darkness (B), while the other (A) was kept in the twelve-hour alternations in 
which the plants had been growing. Measurements were then made on these 
colonies. After thirteen days samples were taken from each, that from the 
colony in the twelve-hour alternations being placed in the one-minute alterna- 
tions and vice versa. Measurements were then made on these new colonies 
(respectively, c and D, in the figure) and were continued with the old ones. 
Of the four graphs in Fig. 2, £, F, and G were obtained from material similar 
to the earlier experiments, but in each case the colonies were started indepen- 
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dently of one another, material being obtained from the common stock (which 
was in a somewhat inactive condition) at arbitrary times and grown under 
standard conditions for fourteen days before measurements were begun. 
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NS 


VV y25°55+0-22 ae \v y2l-84 +0-26x 
+ 0:0005 {(xc-16)* 80} 


Vi 12 Hour Alternations G.12 Hour Alternations 


\ 


mbers 


g: Frond Nu 
a2 co 8 
= hoe 


= 
> 
=) 


wat /ys178 +022 y2t95+0-2ix 
\v 


Differences in Lo 
S 


008 FEB TUE 19S £27 7 MARS i223 I 2MAR.10 18 26  31APR. 


Fic. 2. For explanation see text. 


The remaining graph (H) of Fig. 2 represents results with material obtained 
from Sutton and grown under continuous light. 

All eight graphs of Figs. 1 and 2 have a common characteristic, namely, 
that the values rise and fall about the mean in a fairly regular manner. The 
curves E and G of Fig. 2 are the least regular, and it will be seen that this is 
due to the deviations of the experimental from the calculated values being too 
small between March 3 and 12. As pointed out above, measurements were 
made on successive days during this period after which observations on alter- 
nate days were resumed, and it seems possible that the irregularities are due 
to this cause. The values of the differences between the log. frond numbers 
found at certain wave crests and troughs and their respective mean calculated 
values expressed as percentages of the latter are shown in Table I. They are 
seen to range from a minimum of 14 to a maximum of 63 per cent. 

Though there is little doubt from the results obtained that the variation 
does take a periodic form, it has not been possible owing to the time required 
to complete a wave-cycle to establish statistically a periodicity for the wave 
motion. The effect will in future be referred to as the long cycle to distinguish 
it from a short cycle to be referred to below. The length of the wave varies 
considerably between different experiments, the minimum being about twenty 
and the maximum forty days. There is some indication that the length of the 
wave is negatively correlated with the mean growth-rate, but the results are 
not sufficient to establish this. 
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It will be seen from the figure that the wave phase is altered on transferring 
plants from twelve-hour to one-minute alternations, and vice versa. Thus 
B, Fig. 1, is of material taken from a and put into one-minute alternating con- 
ditions and the phase has become the inverse of that shown by A, 1.e. altered 


TABLE I 
Percentage increase | Percentage decrease 
of crest rate over of trough rate below 
Experiment. mean rate. mean rate. 

A 51 63 
B 48 B32 
C 43 57 
D 25 51 
E 32 21 
F 14 27 
G 19 24 
H 23 19 


by half a wave-length. Again, material for c was taken subsequently from a 
and material for D from B. In both cases the phase has been advanced about a 
quarter of a wave-length following transfer to new conditions. Results to be 
published later indicate that the amount of alteration in the phase may depend 
on the particular phase of the material at the time of its transfer to new 
conditions. 


(6) The short cycle of frond-number determinations. 


Fig. 3 is based on measurements made on Lemna grown in a solution made 
up with distilled water condensed on copper, while in the experiments shown 
in Fig. 4 a glass still was used. Both figures are similar, in that they show the 
dry weight of Lemna, expressed in grammes per 100 fronds, plotted against 
time and the differences between successive log. frond numbers, summed in 
(overlapping) threes, against time. The object of each figure is to illustrate 
a short recurring cycle, though they also bring out the long cycle already 
referred to. ‘The method of preparation of these graphs was as follows: Let 
a, b, c, d, and e be the log. frond numbers on successive days and consequently 
b-a, c—b, d-c, and e-d the differences between successive pairs of observa- 
tions, and let 2m days be the period of a complete cycle, then it can be shown 
mathematically that if the values (b-a)+-(c-b)+(d-c)+. . . to the nth term, 
(c-b)+(d-c)+(e-d). . . to the nth term, &c., satisfy a periodic function, the 
original values a, b, c, and d are also periodic. The effect of summing the 
differences covering periods of n days where n is half the period of a cycle is 
to accentuate the wave to the maximum extent. The values of n in F igs. 3 and 
4 were obtained by trial and error, and the values 3 and 6 respectively were 
found to give the best wave curve. 

In Fig. 3 observations were made on successive days, in Fig. 4 on alternate 
days, so that summing differences in threes in each case involved periods for 
each point on the curves of three and six days respectively. This in Fig. 3 
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indicates a cycle of six days’ duration which fits the curves satisfactorily. In 
Fig. 4, however, each wave obviously has a four-day period, see especially the 
curve E for twelve-hour alternations Feb. 3 to March 2. If the log. frond 
numbers on alternate days were a, b, c, d, &c., then the values actually plotted 
in Fig. 4 would be (b-a)-++-(c-b) +-(d-c), (c-b)-+(d-c)+(e-d), &c., that is (d-a), 
(e-b), (f-c), &c. If a represents a value at the trough of a four-day wave, then 
d will be that at the next crest but one. As the different log. frond numbers 
are not independent of one another, the result of summing the differences in 
threes (i.e. in six-day periods) has been to smooth out errors by bringing four 
observations into the calculation of each difference in place of the two which 
otherwise should have been used in a four-day cycle. In Fig. 3 the waves of 
each of the four sets of results are regular in that their respective peaks and 
troughs occur in all cases at approximately the same time. This indicates that 
while transference from one set of light conditions to another may affect the 
phase of the long wave-cycle as already shown, it does not necessarily do so 
where the short cycle is concerned. 

A consideration of the curve E of Fig. 4 will show that, having allowed for 
the dominant influence of the long wave on the short one where the former’s 
crests and troughs occur, each point on the curve is alternately above or below 
a line joining the points on either side of it. The only exception among the 
fourteen observations up to March 2 is that on February 26, where the point 
should be above such a line, but is below, and this point is at the trough of 
the big wave. The same is true from March 8 to the end of the experiment, 
the exceptions being on March 16 and 22, where again the long wave is re- 
spectively at the crest and trough of its phase. Since two observations are 
omitted, between March 2 and 8, i.e. those on the 4th and 6th, it will be seen 
that the cycle is continuous throughout the experiment, 1.e. for sixty days. 
Apart, then, from the three values influenced by the phase of the long wave 
and the two blanks in the middle of the experiment, the odds against such an 
alternation of high and low values being due to chance are in the ratio of 
Tene 32: 

A consideration of the remaining three curves of Fig. 4 indicates that while 
they do not show such a regular periodic effect as that of £, there are few 
exceptional points. Thus in curve H formed of twelve points, only one, 
namely, that on the 25th, is not in conformity with the four-day cycle. ‘This 
point is too high and is again near the crest of the long wave. In the case of F 
there are two points out of the cycle—those on the 2oth and 28th. ‘The former 
is below (instead of above) the mean of the two adjacent points by less than 
1 per cent. of its value, and the latter is also too small. 

Taking 0-157 (A and D) as a measure of the rate of increase of log. frond 
number in two days when the short cycle is of six days’ duration, and 0-218 
(z and F) as the rate with a four-day cycle, it will be seen that the relation 
between the relative rates of frond number increase in the two treatments 
(218/157 or 1-4) is approximately inversely proportional to the ratio of the 
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respective lengths of their cycles (4/6 = 0-66). It is suggested that results at 
other growth-rates might show that the length of the short cycle was a simple 
function of the rate of growth, within certain limits. 


(c) The relationship of the dry-weight to the long and short cycles displayed by 
the log. increase in frond number. 

The dry-weight determinations do not throw much light on the short cycle. 
Each point is based on only one measurement of weight, whereas as already 
shown, several counts are included in computing each point of the frond 
number curves. In the latter case the first eleven points of £, Fig. 4, show an 
average deviation from the curve of closest fit, drawn freehand through them, 
of about 1-1 per cent. of their mean value. It is therefore not to be expected 
that the dry weights would serve to illustrate such small deviations. It may, 
however, be pointed out that in the dry-weight curve for E, the first eleven 
points with the exception of that on the 17th, are in exact agreement with 
expectation based on a four-day cycle. 

The dry-weight measurements have, on the other hand, a very definite 
bearing on the long cycle. In almost all cases where there is a crest in the long 
wave of a frond-number curve there is a trough in the corresponding dry- 
weight curve. In other words, the dry weights also show a long cyclic varia- 
tion which is in inverse phase to that of the frond numbers. The curve E 
brings this out most clearly. In other curves of Fig. 4 the crests and troughs 
coincide approximately and are seldom more than a day out. In Fig. 3 the 
chief discrepancies are to be found in c and pb, in both of which curves 
the material had been transferred to new conditions and is obviously (vide the 
sudden marked increase in weight of D eight days after being transferred to 
one-minute alternations) in course of becoming adapted to them. 


3. DiIscussIoN 


While the rate of increase in frond number is approximately exponential 
over a long period of time, it has been shown that it is subject to minor 
fluctuations which have in previous work been attributed to experimental 
error. Dry-weight determinations have similarly been found to fluctuate 
periodically. The chief deviation from an exponential increase in frond 
number and in the regularity of dry-weight determinations is found in a long 
variation which takes the form of a ‘wave’ in both instances. It has been im- 
possible to establish definitely the periodicity of the wave-cycle owing to its 
length, twenty-five to forty days, but from parallel experiments there seems 
to be little doubt that such a periodic cycle is present. Superimposed again 
on the long variation is a short cycle which has been definitely established. 
The wave-lengths in both sets of determinations (i.e. frond-counts and dry- 
weight determinations) are of approximately equal length in any one experi- 
ment but are in opposite phase. 

Table II gives the rates of increase in log. frond number reckoned over 
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periods of seven days, and the differences between these and the mean rate as 
determined for the whole experiment and expressed as percentages of the 
latter. The rates represent the increase in log. frond number in two days. 
The seven-day periods were selected so as to embrace the respective up and 
down slopes of the long wave, that is, the times at which the rates of frond 
increase were at their maxima and minima respectively. The + signs apply 
to the up, and the — to the down slopes of the wave. 


TABLE IT 
Variation as Variation as 
‘ Rates during per cent. of Rates during per cent. of 
Experiment. 7 days. mean rate. Experiment. 7 days. mean rate. 
E +0:23 5°5 B +0'14 12:9 
—o'1g 12°8 —o'10 19°'5 
F +0:°23 5°5 A +o-19 21°0 
—o'19g 12°8 Oni 8-3 
H +0°29 10°7 D +017 8-3 
OAR 120 


It will be seen from the table that it is possible to introduce an error amounting 
to +:20 per cent. of the mean rate of increase of log. frond number, by neglect- 
ing to take into consideration the phase of the long wave. 

Assuming a cycle of about twenty-eight days for the long variation, rates 
determined from measurements extending over more than seven days will be 
liable to smaller errors than the above. Where the period is under seven days 
the error should not be much larger, but the chances of introducing the maxi- 
mum error will be greater. The error due to the short cycle will be negligible 
even with measurements extending over only three or four days. 

A second form of error due to the long wave will be introduced where the 
wave-phase of the experimental plants is altered as a result of introducing the 
plants to the conditions under which the growth-rate is to be determined and 
where the rates of the control and experimental sets, measured simultaneously, 
are then compared. This error may in certain circumstances be as much as 
40 per cent. of the mean relative rate of frond increase. It has been found that 
different periods of alternating light and darkness alter the wave-phase, the 
degree of change in phase probably being influenced by the particular phase 
of the long wave at the time of removal to the new environment. (See Fig. 2.) 
Observations on dry-weight determinations show that they are subject to 
errors due to the long wave in much the same way as are the determinations 
of relative rate of frond increase. 

As regards factors concerned with the long and short cycles little is known. 
It has been shown, however, that the lengths of both cycles are probably 
functions of the mean relative rate of frond increase. It is thought probable 
that the rhythmic increase in frond number and variation in dry weight may 
be related to the fact that the growth data are those of colonies of numerous 
individuals, i.e. that while these particular cycles are exhibited by the colonies 
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they are not shown by the plants taken singly. This aspect of the matter is 
now undergoing investigation. 


4. SUMMARY 


The data used are taken from certain of the experiments on Lemna de- 
scribed in a previous paper in which rate of frond increase and the dry weights 
were determined under different lighting conditions for continuous periods 
of up to nine weeks. 

A long variation in the relative rate of frond increase, taking the form of a 
wave, and a short cycle are described. The length of the latter cycle, and 
probably also that of the former, are functions of the mean rate of frond 
division. Removal of plants from one light environment to another was found 
under certain conditions to alter the phase of the long cycle, the phase under 
the new environment being the inverse of that in the old. Dry-weight deter- 
minations gave results complementary to those obtained with frond counts. 

It has been shown that the long cycle may introduce an error of as much 
as 20 per cent. in rate of increase of log. frond number, and an error of 40 per 
cent. is possible should the control and experimental plants be in opposite 
phase when measured. 

It is suggested that experiments based on the fact that the culture of Lemna 
used in experimental work is a colony of plants and not an individual, may 
help to solve the problem as to the factors conditioning both the short and 
long cycles. 


The author has pleasure in thanking Professor V. H. Blackman for the 
encouragement and advice he has so generously offered during the period of 
these experiments. 
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INTRODUCTION 


HE subdivision of the grasses into sub-families, tribes, and sub-tribes 

has presented considerable difficulties to systematists, who differ a great 
deal in the details of their arrangement in any phylogenetic series. Brown 
(quoted by Avdulov, 1931) was the first to recognize two main sub-families, 
the Panicoideae and the Pooideae, and this system is even now followed, with 
slight modifications introduced by later workers. 

The earliest classifications were based on external morphology alone. Later, 
however, the anatomical characters of the leaf and the nature of starch grains 
—whether compound or simple—came to acquire a taxonomic value. The 
karyological method of classification of the Gramineae was first undertaken 
by Avdulov (1931). He determined the somatic chromosome number for a 
large number of genera and proposed a system of classification based on 

1 Part of thesis approved for the Degree of Doctor of Philosophy in the University of 


London. 
{Annals of Botany, N.S. Vol. II, No. 5, January 1938.) 
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a monophyletic origin of the family. Later Hunter (1934) added a few more 
chromosome numbers to the necessarily incomplete list compiled by Avdulov 
and concluded that his results in the main confirmed Avdulov’s conclusions. 

The Oryzeae are an isolated group in the Gramineae without any very 
obviously close connexions. In some respects they are primitive, as for in- 
stance in some of their members having six stamens; and in others they are 
advanced, as in the spikelets being reduced to the one-flowered condition and 
the glumes entirely suppressed or replaced by two minute empty lemmas. Not 
only are they somewhat isolated floristically, but they are also very different 
ecologically, for they have responded to a very different environment from the 
majority of grasses. Except Lygeum spartum, which grows on rocky soil, all 
the other genera have become adapted to a hygrophilous or purely aquatic 
mode of life. Because of this peculiar mixture of advanced and primitive 
characters in the tribe, they have been differently classified by systematists. 
Bentham and Hooker, and Hackel (quoted by Avdulov, 1931) included them 
among the Panicoideae because of the suppression of the glumes, and Stapf 
and Hitchcock (quoted by Avdulov, 1931) included them in the Pooideae 
because of their laterally compressed spikelets. Prat (1932), on examination 
of the epidermal hairs of Oryza and Lygeum, thought they belonged to the 
Panicoideae because they had bicellular hairs in common with the latter. 
While the position of the tribe in the family is still doubtful, the genera com- 
posing them are also uncertain. Various genera like Pharus, Leptaspus, 
Streptochaeta, Anomochloa, and Lygeum, which were at some time or other 
included in the Oryzeae, have now been removed from them on morphological 
grounds (Hutchinson, 1934). Hutchinson in his recent book has classified the 
Oryzeae into two sections; (1) the Oryzinae, including three genera, viz. 
Oryza, Leersia, and Hygroryza, and (2) Zinaniinae, including four genera, 
viz. Zizania, Zizaniopsis, Hydrochloa, and Luziola. The Oryzinae have 
hermaphrodite spikelets which are laterally compressed and keeled, while the 
Zizaniinae have unisexual spikelets which are more or less terete or slightly 
compressed. 

From a karyological standpoint the Oryzeae have not received much atten- 
tion. Cytological studies in the past have been practically confined to only 
one species of the genus Oryza, viz. O. sativa, the cultivated rice. Kuwada 
(1910) was the first to determine its chromosome number as 2n = 24. Later 
Rao (1929), Selim (1930), Kato (1930), and Nandi (1936 a, 6) examined 
several varieties of the same species and confirmed Kuwada’s results. Nandi 
(1936 6) has also recorded the chromosome number of O. officinalis and 
O. minuta to be 2n = 24 and 2n = 48 respectively. Avdulov (1931) also 
examined only O. sativa and found that the somatic complement was com- 
posed of twenty-four chromosomes, of which one pair had well-marked 
knobs. The presence of only two such chromosomes in the somatic comple- 
ment led him to suppose that the basic number for the species was twelve. 
Although he realized that evidence from one genus was inadequate, he thought 
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that other genera in the tribe would be characterized by a similar karyotype 
on account of certain similarities among them in anatomical characters. On 
the presumption, therefore, that the basic number for the tribe is twelve, he 
included Oryza in a special section of the sub-family Poateae (corresponding 
to Pooideae), which included a heterogeneous collection of genera bound to- 
gether by superficial resemblances but had twelve small chromosomes as the 
basic number. 

Recent work, however, of Nandi (1936 5) and Sakai (1935) does not support 
the conclusion of Avdulov with regard to the basic number of O. sativa. 
‘These two authors, from a study of secondary association of chromosomes at 
meiosis, have come to the conclusion that the basic number for the species 
is five. The presence of only two satellited chromosomes in the somatic com- 
plement of the variety examined by Avdulov is not incompatible with the fact 
that rice is a secondary tetraploid with a basic number five. It has been shown 
in another paper (Ramanujam, unpublished, a) that the number of satellited 
chromosomes may be modified in polyploid species by a variety of circum- 
stances and as a result of such modifications in Oryza sativa, varieties with 
two and four satellited chromosomes may be found. Nandi (19366) has 
actually seen four satellited chromosomes in the somatic complement of 
certain varieties. I have actually noticed varieties in Oryza sativa with two 
nucleoli and four nucleoli at somatic telophase, which may represent varieties 
with two and four satellited chromosomes respectively. 

With a view to obtaining more evidence regarding the basic number of 
chromosomes for the tribe, their correct classification and position in the 
family, a chromosome survey of the whole tribe was undertaken. A pre- 
liminary report of the results was published (Ramanujam, 1936c). The 
investigation reported in this paper is necessarily incomplete. It nevertheless 
points to some definite conclusions regarding the basic number and phylogeny 
of the tribe. ‘The work will be further continued as more material comes to 
hand and will be followed up by cytogenetical studies of interspecific and 
intergeneric hybrids, which should lead to a closer understanding of relation- 
ships and origin of species in the tribe to which the cultivated rice, viz. Oryza 
sativa belongs. 


ORIGIN OF THE MATERIAL 


Seeds of several varieties and species of the different genera were obtained 
from several places by Professor R. R. Gates, to whom my thanks are due. 
My thanks are also due to Mr. K. Ramiah, Paddy Specialist, Coimbatore, for 
seeds of several varieties of Oryza species; Mr. H. C. Sampson, Economic 
Botanist, Royal Botanic Gardens, Kew, for seeds of a large number of varieties 
of Oryza sativa and O. glaberrima, collected in Africa; Dr. 'T. K. Koshy, 
Professor of Botany, Science College, Trivandrum, for fixed material of root 
tips of Hygroryza aristata, and Dr. Weatherwax of Indiana University, for 
material of O. latifolia, Zizaniopsis miliacea, Leersia hexandra, and L. oryzotdes. 
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Two varieties of Zizania aquatica were kindly sent by the Bureau of Plant 
Industry, Washington, who made arrangements to keep the seeds moist at a 
low temperature in the ship’s refrigerator. They germinated en route and 
have since been grown successfully. I am also thankful to Lady Davy, who 
supplied live plants of Leersia oryzoides from the Basingstoke Canal. The 
following is a full list of material obtained for study, arranged according to the 
classification of Hutchinson (1934): 


Zizaniinae. 
Zizania aquatica L. (three varieties). 
Zizania latifolia Turch. (cutting obtained from Kew Gardens). 
Zizaniopsis miliacea Doell and Aschers. 


Oryzinae. 
Oryza sativa L. (several varieties). 
Oryza glaberrima Steud. (several varieties). 
Oryza officinalis Wall. (three varieties). 
Oryza Barthi Cheval. (one variety). 
Oryza longistaminata Cheval and Roeh. (one variety). 
Oryza latifolia Desv. (one variety). 
Oryza minuta Presl. (two varieties). 
Leersia hexandra Sw. (two varieties). 
Leersta oryzo1des Sw. (two varieties). 
Hygroryza aristata Nees. (one variety). 


Lygeeae (not included in the Oryzeae). 
Lygeum spartum L. 


Except Zizantopsis miliacea and Oryza latifolia, whose seeds did not ger- 
minate, and Hygroryza aristata in which case only fixed material was obtained, 
plants of cther species were grown at the Courtauld Genetical Laboratory, 
Regent’s Park, London, during the summer of 1936. Root tips were fixed in 
all cases for determination of chromosome numbers. Confirmation of counts 
of somatic chromosomes was obtained from meiosis wherever material for 
study was available. 


CYTOLOGICAL TECHNIQUE 


Root tips were fixed in 2 BE or 2 BD for twenty-four hours, washed, de- 
hydrated, and embedded by the chloroform method in 52° wax according to 
La Cour’s schedule (La Cour, 1931). Sections were cut at 12-18 p thick, 
bleached in a mixture of three parts of 95 per cent. alcohol and one part of 
20-volume hydrogen peroxide for twenty-four hours and stained by Newton’s 
iodine gentian violet technique. 

Pollen mother-cells were fixed in Navashin’s fluid or La Cour 2 BE for 
twenty-four hours after immersion in Carnoy for a few seconds. The fixed 
material was washed, dehydrated, embedded, and sectioned in the same way 
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as root tips, except that slides were mordanted in 1 per cent. chromic acid 
solution for about fifteen minutes before staining. 


Aceto-carmine smears were‘employed to determine right stages of fixation. 


OBSERVATIONS 


Zizanunae. The genus Zizania. Two species of this genus were examined 
for chromosome number for the first time. Zizania aquatica, known as Indian 
wild rice, is common over extensive areas in northern and eastern states of 
America. Seeds of two varieties of this species obtained from the Bureau of 
Plant Industry, Washington, showed thirty chromosomes each in root-tip 
mitosis. A third variety, originally obtained from America, growing at the 
Kew Gardens, was also examined and found to contain thirty chromosomes 
at somatic metaphase in root tips. The somatic complement of one of the 
varieties is illustrated in Text-fig. 1. The chromosomes are bigger than those 
of Oryza. 

The plants of the two varieties growing at Regent’s Park have not yet 
flowered at the time of writing this paper. A few preparations of dividing 
pollen mother-cells were, however, made from the scanty material available 
at Kew. At diakinesis the chromosomes were found as fifteen bivalents 
arranged peripherally in the nuclear area, two of which appeared to be 
associated with the nucleolus. In some cases the bivalents were so loosely 
paired that the two chromosomes seemed quite separate (Text-fig. 2). In 
several cells examined at this stage, no associations of more than two chromo- 
somes were noticed. At metaphase the fifteen bivalents arrange themselves 
regularly on the equator and the anaphasic separation proceeds regularly, 
with some of the loosely paired chromosomes disjoining earlier than the other 
pairs. Text-figs. 3 and 4 illustrate side-views of metaphase and early anaphase 
respectively. At metaphase II (Text-fig. 5) fifteen chromosomes are seen 
regularly in each daughter-cell. After a normal division II, four equal spores 
are formed in each mother-cell. No abnormality of division was observed in 
the material examined. Observations of secondary pairing in the material 
could not be made owing to insufficient material. 

Z. latifolia is an Asiatic species, known commonly as Manchurian wild 
rice. This species, originally obtained from Siberia, is growing at Kew 
Gardens and is not known to have flowered in the open since it was obtained two 
years ago. Rhizomes of this plant were grown in the tropical house at Regent’s 
Park last summer without success in inducing them to flower. Chromosome 
number of the species was obtained from somatic mitosis in root tips. It had 
2n = 30 chromosomes (Text-fig. 6), the same as that for Z. aquatica. ‘The 
presence of thirty chromosomes in Zizania affords additional evidence to the 
fact that the basic number for the tribe is five and not twelve. 

The genus Zizaniopsis. Z. miliacea. Seeds of this species obtained from 
Indiana, U.S.A., through Dr. P. Weatherwax, failed to germinate and hence 
its chromosome number could not be obtained. 
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TEXT-FIGs. 1-18. All drawings were made at bench level with the aid of a camera lucida. 
An apochromatic objective N.a. I.3 was used in conjunction with Zeiss eyepiece K 30 giving 
an approximate magnification of 4,200 diameters. In the case of Text-fig. 16, eyepiece K 6 
was used giving an approximate magnification of 900 diameters. Fig. 1. Zizania aquatica. 
Somatic metaphase (27 == 30). Fig. 2. Zizania aquatica. Diakinesis. Fig. 3. Zizania aquatica. 
Side view of metaphase I. Fig. 4. Zizania aquatica. Early anaphase J. Fig. 5. Zizania 
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Arrangements are being made to obtain material of Hydrochloa and Luziola, 
the other genera belonging to Zizaniinae. Chromosome numbers of these 
genera, when determined, should give definite information regarding the 
basic number of this section. It is likely that this section, which forms a 
natural group according to the systematists, may be characterized by the basic 
number five. 


Oryzinae. 


The genus Oryza. The species Oryza sativa, the cultivated rice, has been 
studied cytologically by several workers (Kuwada, 1910; Rao, 1929; Kato, 
1930; Sakai, 1935; and Nandi, 1936). All the varieties examined so far have 
2n = 24 chromosomes. The chromosomes are fairly small, ranging in size 
from 0-7 4 to 2:8 u. Avdulov (1931) records that he observed two chromo- 
somes in the somatic complement with well-marked knobs, which are pro- 
bably the satellited chromosomes. Nandi (1936 6) has actually observed four 
satellited chromosomes in the somatic complement of the variety he examined. 
Secondary association of chromosomes at meiosis has been studied by Nandi 
(1936 b) and Sakai (1935). A maximum association of five groups consisting 
of two groups of three bivalents and three groups of two bivalents was 
observed by both the writers, who concluded on this evidence supported by 
other evidences of the presence of polymeric factors (Matsuura, 1933) and 
autosyndesis (Sakai, 1935, and Ichijima, 1934) that the original basic number 
of the species is five and that the number twelve has been derived as a result 
of secondary allotetraploidy. 

I examined the somatic chromosomes of five varieties of Oryza sativa 
obtained from different localities, viz. Africa, India, China, and Japan, and 
all of them had the same number, 2m = 24. The chromosomes are small and 
more or less similar in all the varieties. A morphological study of the somatic 
complement was very difficult owing to the smallness of the chromosomes, 
and even the presence of satellites could not be made out in many excellent 
preparations. Text-fig. 7 and photomicrograph Plate IIa illustrate the 
somatic chromosomes of one of the varieties examined. 


aquatica. Metaphase II. Fig. 6. Zizania latifolia. Somatic metaphase (2n = 30). Fig. he 
Oryza sativa (variety T 24). Somatic metaphase with normal chromosomes (same as photo- 
micrograph Plate IIa). Fig. 8. Oryza sativa (variety T 24). Somatic metaphase with 
highly condensed chromosomes (same as photomicrograph Plate IIs). Fig. 9. Oryza sativa. 
Mitotic metaphase with the nucleolus divided into two halves on the plate. Fig. 10. Oryza 
sativa. Mitotic metaphase with the nucleolus constricted to divide unequally. Fig. 11. Oryza 
sativa, Mitotic telophase with nucleolar fragment lying outside the reforming nucleus. 
Fig. 12. Oryza glaberrima. Somatic metaphase (2m = 24). Fig. 13. Oryza glaberrima. 
Polar view of metaphase I with twelve bivalents. Fig. 14. Oryza officinalis. Somatic meta- 
phase (2n = 24). Fig. 15. Oryza officinalis. Somatic metaphase showing somatic pairing of 
chromosomes (same as photomicrograph Plate IIc). Fig. 16. Oryza officinalis. A portion 
of another locule showing two big tetraploid cells and four small diploid ones. Fig. 17. Oryza 
officinalis, Anaphase I in diploid pollen mother-cells with twelve chromosomes towards each 
pole. Fig. 18. Oryza officinalis. Anaphase I in tetraploid pollen mother-cells with twenty- 
four chromosomes towards each pole, 
966.5 I 


114 Ramanujam—Cytogenetical Studies in the Oryzeae. I 


The meiosis in the different varieties proceeds regularly with the produc- 
tion of normal tetrads. A detailed description of the process is given by Nandi 
(1936.a). Secondary pairing was observed in the material studied and it 
ranged from no association to the maximum association in different cells. 

Several hundreds of varieties of O. sativa are known and crosses between 
them succeed fairly easily, with normal Mendelian segregation of characters 
in the progeny (Matsuura, 1933). It is possible that these varieties arose as a 
result of genic differentiation of their chromosomes. 

(a) Mutation for chromosome size in O. sativa. ‘Two cells in a certain section 
of the root tip of the variety T 24 from Coimbatore showed an interesting 
abnormality of the chromosomes at mitotic metaphase. The chromosomes in 
these abnormal cells were very much condensed and appeared more like 
meiotic chromosomes. Text-fig. 8 and photomicrograph Plate II B illustrate 
metaphase in one of these cells, and Text-fig. 7 and photomicrograph 
Plate II a illustrate metaphase in a normal cell lying close to the former in 
the same section. 

Different sources of variations in size and shape of chromosomes are identi- 
fied in fixed preparations. These may be caused by external influences or by 
genetic causes. The variation in size of chromosomes recorded by Navashin 
(1934) in embryonic and adult roots and in different regions of the same root 
perhaps belong to the first category. Other cases, such as the characteristic 
variation between species and between varieties of the same species, are 
assumed to be due to genotypically controlled differences between the 
varieties. For example, two clones of Fritillaria ruthenica from different 
sources reported by Darlington (1936) were found to differ in the size of the 
chromosomes, the smaller type being smaller than any others in Fritillaria. 
Other cases of such genotypically controlled variations in size of chromosomes 
have been fully dealt with in another paper (Ramanujam, unpublished, 3). 
Cases of such marked variation in size as is found in the present case within 
a single preparation from one plant are rather rare. 

Such variations may be due to the differential effect of environment in 
different cells or may be due to genotypic difference between cells resulting 
from genemutation. Meurman (1928), in sterile Ribes hybrids, found that in 
certain pollen mother-cells in which the chromosomes remained unpaired, the 
chromosomes were bigger than those in others. These cells were situated 
peripherally in the anther locule and were larger, and Meurman thinks that 
such a condition may be due to special nutritional conditions in those cells. 
Darlington (1936), in his studies of Fritillaria, found two isolated abnormal 
pollen mother-cells at meiosis. In one cell of F. pluriflora the chromosomes 
were more condensed than usual and widely separated on the plate, more so 
than in any other pollen mother-cell. In the second case a pollen mother-cell 
in F, meleagris had chromosomes nearly as long as at mitosis and the nucleolar 
constrictions were still visible in them. He thinks that genotypic differences 
in these cells may have been responsible for the abnormal chromosomes. It 
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is possible that the extremely condensed nature of the chromosomes in the 
present case may have resulted from mutation in these cells, as adjacent cells 
showed normal chromosomes and therefore no difference in environment 
could be assumed. This is significant in connexion with the fact that different 
sizes of chromosomes in related species may be due to genotypically controlled 
differences in the different species. It is possible that size-differences of 
somatic complements in the different genera of the Oryzeae are merely due to 
such genotypic causes. This point will be referred to again later in the paper. 

(6) The behaviour of the nucleolus in mitosis in the variety T 24. The be- 
haviour of nucleolus in mitosis and meiosis has been the subject of several 
investigations in the past. While the problem of its origin is fairly well under- 
stood its composition and function is still largely a matter of conjecture. 
Gates (1937) has recently reviewed the literature about the origin of the 
nucleolus. The role which has been assigned to it in the economy of the cell 
has been quite varied and the literature dealing with it is quite extensive. 
Ludford (1922), Wilson (1928), Sharp (1934), Zirkle (1928), and Frew and 
Bowen (1929) have summarized these divergent views. 

The nucleolus, which is usually formed in the telophase nucleus at mitosis, 
usually disappears with the dissolution of the nuclear wall and the onset of 
the metaphase at the subsequent division. However, in certain cases, the 
nucleolus has been observed to persist till late in mitosis and undergo a 
division followed by the polar migration of the divided halves. Examples of 
these cases both in lower and higher plants are given by Frew and Bowen 
(1929). ‘These authors observed in certain cells of Cucurbita pepo at mitosis, 
that the nucleolus came to lie on the metaphase plate, assumed a dumb-bell 
shape, and separated into two fragments which migrated to opposite poles of 
the spindle. They also found that the nucleolar fragments moved to the poles 
prior to the chromosomes and were not included in the daughter nuclei at 
telophasic reconstruction but degenerated in the cytoplasm. The authors 
have discussed this behaviour of the nucleolus in terms of the mechanism of 
anaphasic movements. They are of opinion that the spindle area represents 
a region in which are localized the forces which are responsible for anaphasic 
movements and that the latter operate regardless of the nature of the bodies 
which find themselves in the spindle region—whether chromosomes or 
nucleoli. Zirkle (1928), who worked with specific nucleolar fixatives, adduces 
evidence that in Zea mays, part of the nucleolar substance, which 1s plastin, 
passes into the chromosomes at mitosis and the other part divides at meta- 
phase and the divided fragments pass to opposite poles. ‘The divided halves 
reached the poles earlier than the chromosomes and fragmented with practi- 
cally all the pieces passing out into the cytoplasm. He sees in this behaviour 
of the nucleolus at mitosis a mechanism by which hereditary stimuli are 
transmitted from the chromosomes to the organism. He also observes that 
plastin, being electro-positive, changes the electro-negative spireme by flowing 
into it, to an electro-positive chromatin complex; thus the chromatin which 
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had collected at the equatorial plate as far as possible from the poles of the 
spindle, reverses its motion with its electrical charge and migrates to the poles. 
The persisting nucleolar material is also attracted to the poles because they 
are electro-positive. 

In T 24, in some of the cells at mitosis the nucleolus was found to behave 
in the same way as in Cucurbita pepo. The nucleolus was found to lie between 
the chromosomes in the centre of the spindle, becoming elongated with its long 
axis parallel to that of the spindle. Soon it assumed a dumb-bell shape and 
separated into two halves which moved to opposite poles. The orientation of 
the nucleolus on the metaphase plate was found to vary in different cells. As 
a result, in some cells it divided into two equal or in some others into two 
unequal halves. Occasionally it was left outside the plate, in which case it 
did not divide but moved as such to one pole. Text-fig. g shows the nucleolus 
divided into more or less equal halves on either side of the equatorial plate, 
and Text-fig. 10 illustrates a cell in which it may divide into two unequal 
halves. The movement of the nucleolus to the poles, in every case, was found 
to be in advance of the chromosomes. Its size appeared to diminish during 
its movement to the poles where it was left out of the daughter nuclei, ulti- 
mately to degenerate. Text-fig. 11 shows the nucleolus lying away from the 
reforming telophasic nucleus. The division of the nucleolus on the equator 
and its movement to the poles do suggest the presence of forces at the spindle 
region which are responsible for such movements. A fuller understanding of 
the nature and significance of these forces in the anaphasic movements must 
await a more detailed study than has been attempted here. 

O. glaberrima. 'This species is very similar in morphological characters to 
O. sativa and is largely cultivated in Africa. The somatic chromosomes of 
three different varieties were examined in root tips and were found to be more 
or less similar in size to those of O. sativa. The three varieties all had 2n = 24 
chromosomes. ‘The somatic complement of one variety is illustrated in 
Text-fig. 12. 

At meiosis, the chromosomes in pollen mother-cells form twelve bivalents 
and separate regularly at division I. Division II is also equally regular and 
four equal spores are formed at the end of the two divisions. Secondary pair- 
ing of chromosomes was noticed in this species as well. Polar view of meta- 
phase I is shown in Text-fig. 13. | 

Crosses between this species and O. sativa succeed very easily, and many 
of the characters are segregated in Mendelian fashion in the progeny. The 
glabrous nature of the glume, on which the specific difference between the 
two species is based, has been found to follow a multiple factor segregation in 
crosses studied at the Paddy Breeding Station, Coimbatore (unpublished 
records of the station). It is probable that this species is only a variety of 
O. sativa. 

O. officinalis. It is a perennial found in the wild in parts of Burma, 
Malaya, &c. It is often confused with O. minuta, which it closely resembles 
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in habit and nature of glumes. The chromosome number for this species has 
been recorded by Ramiah (1936) and Nandi (1936 5) as 22 = 24. The soma- 
tic chromosomes of three different varieties of this species obtained from 
different sources were examined and found to be 2 = 24 in each case. The 
chromosomes were slightly larger as a whole in the somatic complement than 
in O. sativa (Ramanujam, unpublished, 5). Text-fig. 14 illustrates a normal 
somatic metaphase in one variety of this species. The metaphase pattern in 
many cells was characteristic, the chromosomes being sorted out in pairs and 
lying near each other without being in actual contact. The degree of this 
somatic pairing between homologous chromosomes was variable in different 
cells, ranging from a few pairs to nearly all pairs. Text-fig. 15 and photo- 
micrograph Plate IIc show a metaphase in which nearly all chromosomes 
are paired. Evidence of somatic pairing was found by Kuwada (1910) in 
O. sativa, although Nandi (1936 a) states that it was not found in his material. 

At mitosis in the diploid in many Diptera the chromosomes are seen to lie 
close together in pairs (Metz, 1916; Koller, 1934). A paired condition of the 
chromosomes was first found in the somatic tissues of plants by Strasburger 
in 1905 (quoted by Gates, 1912). This condition has also been reported in 
several other plants; as in Oenothera (Gates, 1912), Matthiola (Huskins 
1932), Dahlia (Lawrence, 1931), &c. The very characteristic arrangement of 
the chromosomes in pairs in all these cases cannot be an accidental one but 
must be due to some specific attraction due to homology between the paired 
chromosomes, which according to Gates (1911) may exist between parental 
chromosomes throughout the life-cycle of the sporophyte. Koller (1934) 
assumes that this somatic pairing may be conditioned by the genotype con- 
trolling the degree of attraction between homologous chromosomes. He 
observed that during somatic pairing each chromosome is composed of two 
sister chromatids. On the principle that pairs of paired chromatids repel each 
other, the two homologues which lie side by side ought to repel each other 
because they are double, each of them being composed of two chromatids. 
In the cases where somatic pairing occurs the forces of attraction between the 
chromosomes are presumed to overcome the repulsion between the pair of 
paired chromatids, and in cases where the somatic pairing is absent the forces 
of repulsion are supposed to exceed those of attraction. 

More striking examples of somatic pairing have also been observed in 
doubled nuclei which have arisen through the failure of chromosomes to 
separate at a preceding division (e.g. Sorghum: Huskins and Smith, 1932; 
Iberis: Manton, 1935). Probably in these cases, the daughter chromosomes 
have remained together during the resting stage and therefore have been in a 
suitable position to pair. 

The chromosome number of the species was confirmed in meiotic divisions. 
Twelve bivalents were noticed at diakinesis and metaphase I. Secondary 
association of bivalents was also noticed in polar view of metaphase I. The 
two divisions were quite regular and normal spores were generally formed. 
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One abnormality was, however, noticed in the material studied. In one anther 
locule several big pollen mother-cells were found intermingled with normal 
cells, the bigger cells containing double the number of chromosomes. ‘Text- 
fig. 16 illustrates a portion of the anther locule showing two tetraploid cells 
and four diploid ones. Chromosomes in anaphase I in the normal and ab- 
normal cells are illustrated in Text-figs. 17 and 18 respectively. A similar 
tetraploid pollen mother-cell was noticed by Verbrugge (1934) in a trisomic 
Oenothera mutant with fifteen chromosomes. These cells arose probably by 
duplication (i.e. autopolyploidy) in the last premeiotic telophase. ‘This dupli- 
cation may take place earlier in the premeiotic divisions, in which case groups 
of tetraploid cells result. Such cases are recorded in Brassica (Fukushima, 
1931) and Oenothera (Cleland, 1929; Hakansson, 1926). ‘These pollen 
mother-cells would give rise to gametes with diploid chromosome numbers, 
which are significant in connexion with the origin of polyploidy. 

Crosses between O. officinalis and O. sativa succeed very rarely and the 
hybrid between them is highly sterile with practically no pairing of the 
parental chromosomes at meiosis (Ramanujam, unpublished, 6). It is prob- 
able that structural differences of chromosomes are at least in part respon- 
sible for differentiation of the two species. 

O. Barthii. Seeds of this species were obtained from Africa and plants 
grown at Regent’s Park, London. This species is a perennial, propagated by 
rhizomes. ‘The plants did not flower freely, so that material for study of 
meiosis could be obtained from only one panicle. Root tips were, however, 
fixed for study of somatic chromosomes (Text-fig. 19). ‘The somatic number 
of chromosomes was determined to be twenty-four. The chromosomes are 
slightly smaller than those of O. sativa. The presence of satellited chromo- 
somes could not be made out. 

At diakinesis twelve bivalents were usually noticed (Text-fig. 20), though 
occasionally the chromosomes of one bivalent remained free. One bivalent was 
usually associated with the nucleolus at this stage. At metaphase I secondary 
association of chromosomes was frequently met with. The maximum associa- 
tion of five groups, consisting of three groups of two bivalents each, and two 
groups of three bivalents each, is illustrated in Text-fig. 21. The two divisions 
proceeded more or less normally in all the pollen mother-cells with the pro- 
duction of normal tetrads of spores. Three cells were, however, noticed in 
which at anaphase I delayed separation and consequent lagging of chromo- 
somes on the plate was observed. 

Crosses between this variety and O. sativa are not known. 

O. longistaminata. ‘This is also a perennial wild species, originally obtained 
from Senegal in west Africa. It resembles very closely O. Barthii in morpho- 
logical characters and is probably a variety of the latter. The somatic chromo- 
somes of this species were also determined as twenty-four (Text-fig. 22). The 
plant failed to flower, and hence no material for meiotic studies could be 
obtained. 
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O. latifolia. Seeds of this species obtained from Indiana, U.S.A., did not 
germinate and hence counts of chromosomes in the species could not be 
obtained. Gotoh and Okura (1933), however, report that this species, seeds 
of which were obtained from Cuba, had forty-eight chromosomes in root tips. 
Meiosis in the species has not been studied by them. 

O. minuta. This species bears a close resemblance to O. officinalis in 
‘morphological characters and has a more or less similar distribution. The 
chromosome number of the species was recorded by Moririaga (1934) and 
Nandi (1936 6) to be 2n = 48. ‘Two varieties of this species obtained from 
Coimbatore and the Botanic Gardens, Buitenzorg, were examined for the 
somatic number of chromosomes, which was found to be forty-eight in each 
case. Text-fig. 23 illustrates somatic metaphase in one of the varieties. 

At diakinesis in meiosis several cells examined showed twenty-four bi- 
valents. Associations of more than two chromosomes were not observed 
either in diakinesis or metaphase I. Polar view of metaphase is illustrated 
in 'Text-fig. 24 and photomicrograph Plate Ip. The chromosomes appear 
to be of two different sizes, being composed of twelve small bivalents and 
twelve big ones. This difference in size of the bivalents was also noticed by 
Nandi (1936 6). It is likely that O. minuta arose as an amphidiploid from a 
sterile diploid hybrid of O. officinalis and another species, probably O. sativa. 
As already mentioned, the hybrid between O. officinalis and O. sativa is com- 
pletely sterile, with practically no pairing of parental chromosomes at meiosis. 
A duplication of chromosomes in the sterile hybrid may give rise to a fertile 
amphidiploid hybrid with 22 = 48 chromosomes, resembling O. minuta. 

The genus Leersia. 'Vhe species of Leersia are perennial marsh grasses wide- 
spread in tropical and temperate regions. ‘The chromosome number of two 
species was determined for the first time from a study of somatic mitosis in 
them. 

L. oryzoides was obtained from two sources, viz. America and England. 
Both materials showed 2n = 48 (Text-fig. 25) chromosomes in root-tip 
mitosis. The chromosomes are small and more or less similar to those of 
Oryza. Seeds of Leersia hexandra were obtained from Indiana and the 
Philippine National Herbarium, and plants were grown at Regent’s Park, 
London. Examination of root-tip mitosis in these plants showed forty-eight 
chromosomes in each case (Text-fig. 26), the chromosomes resembling those 
of L. oryzoides. The plants failed to flower in the greenhouse in London. 

Hygroryza. Root tips of Hygroryza aristata, an aquatic grass found exten- 
sively in India, were examined for the first time for somatic chromosomes. 
The somatic number for the species was found to be twenty-four (Fig. 27). 


Lygeeae. 


Lygeum spartum. This monotypic genus, originally included in the Oryzeae, 
has been removed from them by Hutchinson (1934) and put into a separate 
tribe by itself because of its different habitat and morphological characters. 
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TEXT-FIGS, 19-31. All drawings were made at bench level with the aid of a camera lucida 
An apochromatic objective N.a. 1.3 was used in conjunction with Zeiss eyepiece K 30 giving 
an approximate magnification of 4,200 diameters. Fig. 19. Oryza Barthit. “Somatic metaphase 
(2n = 24). Fig. 20. Oryza Barthi. Diakinesis with twelve bivalents. Fig. 21. Oryza 
Barthii. Polar view of metaphase I showing maximum secondary association, i.e. Oro eee S 
of three bivalents each and three groups of two bivalents each. Fig. B2r One Varcla bic o 
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Avdulov (1931), however, has kept it in the tribe because of its similarity with 
the Oryzeae in its possession of compound starch grains and type II disposi- 
tion of chlorophyll tissue (in type II the chlorophyll tissue occupies the entire 
area between the vascular bundles, and in type I it is restricted to two layers 
around the vascular bundles). 

The somatic number of chromosomes for the species was determined from 
mitosis in root tips to be forty (Text-fig. 28). This would be an octoploid on 
the basis of five as basic number. The chromosomes are quite long compared 
to those of the other species in Oryzeae. 

A preliminary examination of the meiosis in pollen mother-cells was made 
from material fixed in plants growing at Kew Gardens and the somatic 
number was confirmed. At diakinesis and metaphase I, twenty bivalents were 
noticed in certain pollen mother-cells (Text-fig. 29). In others, besides 
bivalents, quadrivalents ranging from one to four in each cell, were noticed. 
Text-figs. 30 and 31 illustrate metaphase I with one and four quadrivalents 
respectively. The quadrivalents appeared to be formed by both small and 
big chromosomes in the complement and fairly normal pollen was formed at 
the end of the two more or less normal divisions. 


DISCUSSION 
Classification of the tribe and species differentiation. 

The classification of the tribe into (1) Zizaniinae, and (2) Oryzinae, adopted 
by Hutchinson (1934) is in the main confirmed by cytological results obtained 
so far. The section Zizaniinae, of which only one genus could be examined, 
is likely to be characterized by the basic number five. The two species of 
Zizania examined in this study with 27 = 30 chromosomes each, are hexa- 
ploids on that basis. The section Oryzinae, of which representatives of all the 
three genera were examined, showed a basic number of twelve chromosomes. 
Two species of Oryza, viz. O. minuta and O. latifolia, are tetraploid and the 
others diploid ; two species of Leersia are tetraploid and one species of Hygro- 
ryza is diploid. As already mentioned, the basic number twelve in O. sativa 
at least has been shown to be derived from an original basic number five, by 
secondary rolyploidy (Nandi, 1936 46; Sakai, 1935). It is likely that both 
Leersia and Hygroryza also developed from this original basic number. Study 
of meiosis, including secondary pairing in these species, should throw light on 


Somatic metaphase (27 = 24). Fig. 23. Oryza minuta. Somatic metaphase (2m = 48). 
Fig. 24. Oryza minuta. Metaphase I with twenty-four bivalents showing big and small 
bivalents (same as photomicrograph Plate IIp). Fig. 25. Leersia oryzoides. Somatic meta- 
phase (27 = 48). Fig. 26. Leersia hexandra. Somatic metaphase (27 = 48). Fig. 26. Hygro- 
ryza aristata. Somatic metaphase (2m = 24). Fig. 28. Lygeum spartum. Somatic metaphase 
(2n = 40). Fig. 29. Lygeum spartum. Polar view of metaphase I with twenty bivalents. 
Fig. 30. Lygeum spartum. Polar view of metaphase I with eighteen bivalents and one quadri- 
valent. Fig. 31. Lageum spartum. Polar view of metaphase I with twelve bivalents and four 


quadrivalents. 
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this point. It is therefore possible that the tribe Oryzeae developed from an 
original ancestor with five as its basic chromosome number. While one 
section, the Zizaniinae, retained its original basic number and evolved a 
polyploid series, the other section, Oryzinae, developed a secondary basic 
number 12, through secondary polyploidy and developed a polyploid series 
on the basis of this new number. 

The position of Lygeum in the tribe has remained doubtful, owing to its 
different habitat and morphological characters. Cytologically, Lygeum spar- 
tum, with 2n = 40 chromosomes is an octoploid on the five basis and may be 
included in the Zizaniinae section of the Oryzeae. But the size of its chromo- 
somes is bigger than any of the Oryzeae. The size of the chromosomes by 
itself may not provide sufficient grounds for separating Lygeum from the 
Oryzeae in view of the fact that genotypically controlled differences in size of 
chromosomes are known to characterize many related varieties and species. 
In the Andropogoneae three species, viz. Sorghum versicolor, S. purpurea 
sereceum, and SS. dimidiatum, have been found to have much larger chromo- 
somes than other species to which they are closely related systematically 
(Hill, 1934). In the Oryzeae itself, such differences in size of somatic com- 
plements are noticed, e.g. the chromosomes of Zizania are slightly larger than 
those of Oryza. There is also evidence that O. officinalis has larger chromo- 
somes than O. sativa (Ramanujam, unpublished, 5). In several families of 
dicotyledons (e.g. Tradescantiae, Anderson, and Sax, 1936) large variations 
in size of somatic complements are observed in related species. It is therefore 
suggested that in view of its large chromosomes coupled with its different 
habitat and morphological characters, Lygeum should be put in a separate 
section in the Oryzeae. 

As regards the factors involved in the differentiation of species in the tribe, 
more evidence should come from the study of interspecific and intergeneric 
crosses. The results of this study, however, indicate a few conclusions on this 
subject. ‘The existence of chromosome numbers in multiples in the different 
genera indicates that polyploidy has played an important part in evolution. 
As already mentioned, O. minuta with 2n = 48 chromosomes may have origi- 
nated as an allotetraploid from a cross between two species of Oryza with 
n = 12 chromosomes each, one of them being O. officnalis. The absence of 
quadrivalents and the presence of twelve small bivalents and twelve large 
bivalents at meiosis lend additional support to this view. It is also likely that 
tetraploid species of Leersia originated through allopolyploidy. This, how- 
ever, requires to be confirmed by study of meiosis in these plants. Lygeum 
spartum, with 2n = 40 chromosomes, shows quadrivalents at meiosis, ranging 
from one to four in each cell. There is evidence that these quadrivalents are 
formed by both small and large chromosomes. The formation of these 
quadrivalents may be due either to segmental interchange between non- 
homologous chromosomes or to autopolyploidy. The presence of four more 
or less similar sets of chromosomes in the somatic complement, together with 
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the high percentage of normal pollen formed in the plant, suggest that 
Lygeum spartum may be an autopolyploid. 

In the genus Oryza itself, structural and genic differences may have been 
responsible for differentiation of species. O. sativa crosses readily with 
O. glaberrima, giving fertile hybrids which show normal segregation of 
characters in the progeny. ‘The hybrid between O. officinalis and O. sativa is 
obtained with great difficulty and is sterile, with no pairing between parental 
chromosomes at meiosis. While genic differences alone may distinguish the 
two species in the former case, perhaps structural differences are involved in 
the latter. 


Position of the tribe in the family. 


It is too early to say anything definite on this point until more genera are 
examined cytologically. This study has, however, shown that the original 
basic number for the tribe is five and not twelve, as was supposed by Avdulov. 
On the presumption that the basic number for the tribe was twelve, he thought 
the Oryzeae did not belong to the Panicoideae, although the chromosomes 
were small and of the panicoid type. He therefore included them in a special 
group with small chromosomes in multiples of twelve, in the sub-family 
Poateae Hitchcock corresponding to Pooideae Brown. With the establish- 
ment of the basic number for the Oryzeae to be five, their closer relationship 
to Panicoideae than to Pooideae becomes evident. Several species in the tribe 
Andropogoneae of the sub-family Panicoideae have haploid chromosome 
numbers of five and multiples of it. As regards some of the morphological 
characters, such as the reduction of the florets and suppression of the glumes, 
the Oryzeae suggest the Panicoideae, and for this reason they were originally 
included in this sub-family by systematists. Besides, some of the members of 
the Oryzeae, viz. Oryza and Lygeum, have bicellular hairs in the epidermis, 
which Avdulov thinks is a characteristic of the Panicoideae. The only 
characters in which the Oryzeae differ from the Panicoideae are the possession 
of type II leaf and compound starch grains, which are important characters 
of the Pooideae. When all these facts are considered it may not be far wrong 
to conclude that the Oryzeae are more nearly related to Panicoideae than the 
Pooideae. 


SUMMARY 


Chromosome studies, with a view to ascertaining taxonomical relationships 
in the tribe, were undertaken for the first time and results from several species 
in five genera lead to the following conclusions. 

The basic number of chromosomes for the tribe is five and not twelve, as 
was supposed by Avdulov. 

While one section, the Zizaniinae, retained the original basic number and 
developed a polypoid series, the other section developed a secondary basic 
number twelve, through secondary polyploidy and built up a polyploid series 
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on this new number. Thus the taxonomical classification of the tribe into two 


sections is supported by cytological observations. 

It is suggested that Lygeum with large chromosomes and different habitat, 
with 22 = 40 chromosomes, be placed in a third section. 

A brief discussion regarding species differentiation in the tribe and their 
position in the family is included. 
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EXPLANATION OF PLATE II 


Illustrating Dr. S. Ramanujam’s paper on ‘Cytogenetical Studies in the Oryzeae. I. 
Chromosome Studies in the Oryzeae’. 


A. Somatic metaphase in the variety T 24 with normal chromosomes (27 = 24). 

B. Somatic metaphase in the variety 'T 24 with highly condensed chromosomes (27 = 24). 

c. Mitotic metaphase in Oryza officinalis showing somatic pairing of chromosomes. 

p. Polar view of metaphase I in a pollen mother-cell of Oryza minuta. Small and big 
bivalents are noticed. 
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The Monocotylous Seedlings of Certain Dicotyledons. With 
Special Reference to the Gesneriaceae 


BY 
ARTHUR W. HILL 


With Plates III to V and twenty-three Figures in the Text 


ERTAIN dicotyledonous plants, as is well known, normally develop 
only a single cotyledon on the seedling instead of the typical pair, and 
all such cases offer interesting fields for study and speculation. 

Very frequently the loss or suppression of one of the cotyledons is associated 
with the development of a bulbous habit in a particular genus or species. 
Cyclamen affords a good example and here, as has been shown (Hill, 1920), 
the second cotyledon is actually present but, with very rare exceptions, it 
remains rudimentary and suppressed. 

The late Miss Ethel Sargant (1903, p. 76) overlooked this rudiment and 
stated that the anatomical structure of the Cyclamen cotyledon ‘suggests very 
strongly that the cotyledonary member consists of two seed-leaves united 
into a solid tube’. Since the cotyledon of Cyclamen is undoubtedly a single 
structure and not two united cotyledons, as she suggested, one is tempted to 
feel a little sceptical as to the value of the anatomical evidence for fused 
cotyledons which has been brought forward in the case of some of the other 
monocotylous dicotyledons. 

Ranunculus Ficaria and the bulbous Umbellifers (Bunium and Conopodium) 
are cases in point. These seedlings normally show no trace of a second coty- 
ledon and though the single cotyledon of Bunium has been repeatedly 
amputated, as has been done with Cyclamen and some other seedlings, no 
indication of a second cotyledon has been discovered. Here also it has been 
argued (Sargant, 1903, p. 63) that the seed-leaf of Ranunculus Ficaria repre- 
sents two fused cotyledons, but Metcalfe (1936), in his recent careful 
studies of the seedlings and their anatomy carried out in the Jodrell La- 
boratory at Kew, has shown conclusively that the single-leaf of R. Ficaria 
does not represent a double structure.’ 

In R. Ficaria, therefore, it seems clear that one cotyledon has been wholly 
suppressed, as also appears to be the case in Bunium elegans. 

No trace of a second cotyledon can be detected in Bunium; and when the 
anatomical structure of the single strap-like cotyledon is examined, it 1s 


' Seedlings of R. Ficaria very occasionally possess two cotyledons, and in normal seedlings 
the second cotyledon is present as a parenchymatous protuberance which fails to develop. 


[Annals of Botany, N.S. Vol. II, No. 5, January 1938.] 
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exactly comparable, as regards its vascular bundles, with the structure of one 
of the two cotyledons of the allied Anethum graveolens. 

There is nothing to suggest that this single seed-leaf is in any way abnormal 
as regards its vascular structure; it seems, therefore, safe to assume that only 
one cotyledon is present in the bulb-bearing species of the genus Bunium, the 
other having been entirely lost. 

Another case of abnormal dicotyledonous seedlings is afforded by the 
bulbous and tuberous species of Peperomia (Hill, 1906) from the High Andes of 
Bolivia and Peru, and from the mountains of Mexico, but here the two cotyle- 
dons are present, each performing a separate function, one emerging from the 
seed to become the assimilating leaf, while the other never leaves the seed but 
functions wholly as an absorbent organ; the seedling thus having a falsely 
monocotyledonous appearance on casual examination. 

Miss Sargant (1903, pp. 76, 77) gives a list of twelve monocotylous di- 
cotyledons belonging to five natural families (Fumariaceae, Umbelliferae, 
Primulaceae, Lentibulariaceae and Nyctaginaceae). One of these twelve, 
Cyclamen, must now be excluded from the list; the three species of Abronia 
(Nyctaginaceae), which she considered doubtful, should also be omitted, 
since it seems generally agreed that both the cotyledons are present, one 
developing later than the other. It is of interest to note in this connexion that 
the seedlings of the closely allied genus Allionia have one of the cotyledons in 
the embryo only about half the size of the other. 

With regard to the abnormal Fumariaceae and Umbelliferae, I feel we are 
on safer ground in following Hegelmaier, Irmisch, and Schmid, who regarded 
the cotyledon as a single organ, the second one having been almost wholly or 
entirely suppressed. Hegelmaier (1878), for instance, found that Bunium 
Bulbocastanum possessed the rudiments of a second cotyledon and he also met 
with an embryo with both cotyledons developed. He also found rudiments 
of a second cotyledon in Erigenia bulbosa (Umbelliferae) and Claytonia vir- 
gimca (Portulacaceae), both of which, according to Holm (1gor), possess only 
a single seed-leaf. The second cotyledon of Corydalis cava is considered by 
Schmid (1902) to be represented by a protuberance, and this is confirmed by 
Coulter and Chamberlain (1904, p. 206). Miss Sargant, however (1903, p. 69), 
apparently misquotes Schmid in saying ‘we know from the researches of Dr. 
Schmid that no traces of the original bicotyledonary structure are to be found 
in the early history of the embryo of Corydalis cava’. 

Other species of Corydalis, for example, C, nobilis and C. lutea, have normal 
seedlings with two fully developed cotyledons; thus in C. cava suppression of 
one cotyledon rather than fusion seems, both on Schmid’s evidence and also 
on general grounds, to be the more probable explanation. 

Then there are species of Pinguicula which apparently possess only a single 
cotyledon. Seeds and seedlings of P. vulgaris have been examined by Dr. 
Metcalfe in the Jodrell Laboratory, and it seems probable that in this case 
also one of the cotyledons has aborted. The deeply bifid cotyledon of 
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P. lusitanica, giving the appearance of two cotyledons, is morphologically 
equivalent to the single one.of P. vulgaris. 

Trapa natans (Onagraceae) again is another abnormal dicotyledon as re- 
gards its seedling, for, although it starts life with two cotyledons of equal size, 


TEXT-FIGS. 1-5. Figs. 1 and 2. Streptocarpus Galpinii, seedlings in surface and side view; 
the densely hairy adventitious lamina of the persistent ‘cotyledon’ carries the glabrous original 
cotyledon at its apex ; note the minute glabrous second cotyledon (c. 2) (x 3). Fig. 3. Strepto- 
carpus sp., a seedling showing the development of an adventitious lamina to the second coty- 
ledon (c. 2), the actual cotyledon remaining a distinct entity (x3). Fig. 4. The same, the 
second cotyledon in surface view (x3). Cf. Plate V, Figs. 10, 11. Fig. 5. The same, a 
seedling with both cotyledons developing (x 3). 
one remains quite small and stops growing, while the other grows on and pushes 
the young plant out of the seed, at the same time acting as an absorbent organ. 

It is, however, with certain remarkable genera of Gesneriaceae, belonging 
to the tribe Cyrtandreae and mostly to the sub-tribe Didymocarpeae, especi- 
ally Streptocarpus, Boea, Didymocarpus, Chirita, Klugia, Saintpaulia, Haber- 
lea, and also Moultonia, Monophyllaea, and Didissandra, and some other 
genera, that this paper is particularly concerned. 

In Streptocarpus the seedlings in the earliest stages possess two equal 
cotyledons and the seedlings at first are typical of those of normal dicotyledons. 
In the course of a few days, however, one of the cotyledons increases con- 
siderably in size, while the other remains stationary and makes no further 
growth; eventually it turns yellow and dies off (Crocker, 1860). In the case 

* Seedlings of Streptocarpus polyanthus, S. Rexii, and S. biflorus are described and figured. 


The figures of |S. biflorus indicate the absence of hairs on the second cotyledon but there is no 
reference to this point in the text. Seedlings of Chirita Moomi with unequal cotyledons are 


also mentioned. 
966.5 K 
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of the well-known species of Streptocarpus which possess only one leaf, 
S. Dunnii (P1. V, Fig. 11), S. Wendlandii, S. polyanthus, &c., the cotyledon 
which persists becomes the leaf of the plant, and in these species no other 
leaves are developed! but the plants consist only of a single cotyledon, which 
becomes greatly enlarged by basal intercalary growth and develops into a large 
leaf without a stalk. This state of affairs is typical of what may be termed the 
cotyledonary (or unifoliate) series of these somewhat aberrant Gesneriaceae, 
and the series includes also the genera Platystemma, Moultonia, Mono- 
phyllaea, Trachystigma, and Acanthonema, and the following species, Dzdts- 
sandra sesquifolia, Didymocarpus pygmaea, Chirita monophylla, C. bifolia, and 
sometimes C. hamosa and C. capitis (see below). 

Other species of Streptocarpus, however, such as S. Rext and S. parvi- 
florus, develop a rosette of three or four or more leaves, and have been placed 
for convenience in the group or series Rosulatae. In these species one cotyle- 
don is retained, as in the unifoliate group, and is usually the largest leaf of 
the rosette. Other genera which can conveniently be placed in this group are 
Saintpaulia, Ramondia, Haberlea, Conandron, Tremacron, Oreocharis, and 
possibly Boea; Chirita Trailliana should also be included. 

In addition to these two groups there is a third consisting of the caulescent 
species of Streptocarpus and Chirita—some of which, for example C. hamosa 
and C. capitis, may be unifoliate under certain conditions (Pl. IV, Figs. 6-8); 
this group may be termed Caulescentes. Briggsia aurea and allied species, and 
the genera Epithema, Klugia, Rhynchoglossum, Leptoboea, and Ornithoboea 
should be included in this group. 

In these cases the adult plants are herbaceous since the plumule develops 
and bears erect stems with numerous opposite leaves (except in Klugia and 
Rhynchoglossum where they are alternate), but, though they are so dis- 
similar in habit to the unifoliate species, the seedling structure is as far as is 
known identical, only one of the two cotyledons developing, while the other 
aborts at an early stage (Dickson, 1883)”. The species of Streptocarpus which 
have principally been studied shows this peculiarity in their seedlings whether 
they occur in Siam and Burma or whether, as in the majority of the species, 
they are natives of Africa. 

Dr. Metcalfe, who has kindly examined numerous seedlings of Strepto- 
carpus informs me that no trace of a plumular bud can be found in the seed- 
lings of the monophyllous species. The base of the developing cotyledon 
becomes circular in cross-section and occupies all the available space in which 
a normal plumular bud could arise. The cells at the base of the lamina and 
some of those of the midrib of the cotyledon remain meristematic and through 


t Both cotyledons occasionally develop in S. Dunnii and rarely a second small leaf, apparently 
adventitious, is produced in some of the other species. 
% : : : 
The plate (Streptocarpus caulescens) is of interest since the seedling closely resembles 
that of Chirita with one large petioled cotyledon bearing a shoot in its axil. The second, un- 
developed cotyledon, is at a lower level and has a suppressed axillary bud. 


With Special Reference to the Gesneriaceae 131 


their activity the cotyledon increases in length. It is also apparently in associa- 
tion with this same meristem that the reduced shoot-system ultimately arises. 

The genus Chirita offers a close parallel to Streptocarpus in having only 
one persistent cotyledon, the other ceasing to grow and often withering a few 


TEXT-FIGS. 6-10. Fig. 6. Streptocarpus caulescens, young seedlings showing the developing 
cotyledon hairy with a glabrous tip and the arrested one glabrous (x3). Fig. 7. The same, 
an older seedling, the persistent ‘cotyledon’ has developed a petiole ( X 3). Fig. 8. A caulescent 
species of Streptocarpus from East Africa which has developed a petiole to the persistent 
cotyledon and exactly resembles the seedlings of Chirita lavandulacea (x3). Figs. 9 and 10. 
Seedlings of Chirita lavandulacea to show the large petioled ‘cotyledon’ (c. 1) and the small 
glabrous one (c. 2) (x 2). 


days after it has emerged from the seed.’ Both in the herbaceous Strepto- 
carpus and in Chirita it is of interest to find that it is only in the axil of the 
persistent cotyledon that functional axillary buds are developed (see ‘Text- 
figs. 6-10, 20-23, and PI. III, Figs. 1 and 2), and this axillary bud, which in 
Chirita is often accompanied by an extra bud, develops strongly and makes the 
young plant very one-sided with its single, well-developed, leaf-like cotyledon 
and the strong axillary shoot, which may often be nearly as stout as the main 
axis. 

There is one interesting point of difference between the caulescent species 
of Streptocarpus and Chirita. In the former the flowers are borne on axillary 


‘ Chirita capitis, involucrata, lavandulacea, Blumei, pumila, and rupestris agree closely with 
Streptocarpus in having only one cotyledon developed, the other remaining stationary after 


it has grown for a few days. | 
In GC. acuminata and C. barbata both cotyledons develop, but in C. acuminata one is larger 


than the other. 
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racemes or panicles, an extra-axillary bud being also usually present, while in 
Chirita! the flowers, in certain species, are partly axillary and partly are borne 
on the upper-leaf petioles and midrib of the leaf in acropetal succession as in 
the unifoliate and rosulate Streptocarpus (PI. III, Figs. 2, 3, 4). 

The genus Chirita affords another close parallel to Streptocarpus since a 
few species (such as C. bifolia D. Don, C. monophylla C. B. Clarke, C’. hamosa 
R.Br. var. unifolia C. B. Clarke, C. viola Ridl., and C. pumila D. Don) are 
normally monophyllous throughout their life-history and bear their flowers 
at the base and on the midrib of the single leaf, which is the enlarged cotyle- 
don (Pl. IV, Figs. 5, 6, and 8). In some cases a second small leaf may be 
present as in C. bifolia, which probably represents the second cotyledon.” 
There are also a few rosulate species, C. Trailliana and allies, while other 
species tend to be dimorphic in their adult stages, being either monophyllous 
or herbaceous according to the conditions under which they may be growing. 

Specimens of Chirita capitis Craib, for instance, which Dr. A. F. G. Kerr 
found growing on limestone rock (see Pl. IV, Figs. 5 and 6) at Petchaburi, 
Siam, and also on an old plastered wall at Bangkok, are purely monophyllous, 
bearing flowers on the midrib of the lamina which has developed at the base 
of the cotyledon; such plants to all intents and purposes are morphologically 
identical with the monophyllous species of Streptocarpus or with Moultonia 
or Monophyllaea. In such conditions the plumule apparently is suppressed, 
but where plants are grown under better conditions, the plumule develops 
and specimens 1-2 ft. or more in height, bearing pairs of leaves above the 
cotyledon, may be found (Pl. IV, Fig. 7). These tall plants, however, are 
always one-sided at the base, since only one of the two cotyledons—or rather 
the secondarily developed lamina at its base—persists as the lowest leaf, and 
in its axil an axillary shoot may also be produced of almost equal vigour to the 
main stem (PI. III, Figs. 1 and 2; Pl. IV, Fig. 7)3. Other species of Chirita 
show similar cases of dimorphism, especially C. viola Ridl. Numerous speci- 
mens of this species collected by M. R. Henderson at Selat Panchor are, with 
one exception, unifoliate, while others collected at Bata Ayam bear stems over 
a foot high with four or five pairs of leaves above the cotyledonary leaf. C. 
hamosa R. Br. exhibits a similar state of affairs and C. B. Clarke gave the 
varietal name unifolia to the unifoliate specimens, collected on rocks on the 
Khasia Hills (Pl. IV, Fig. 8). C. hamosa normally is a plant some 2 ft. tall, 
with paired upper leaves, the flowers being borne in acropetal succession on 
their petioles. Plants of this species collected by A. Henry in Yunnan are of 
both unifoliate and herbaceous types. C. bifolia D. Don, from Simla and the 


* The genus needs revision as it contains two or more well-marked types, differing widely 
in their habit-characters. ~ 

* To be certain of this point it will be necessary to study the development of the seedlings, 
whenever seed may be available. 

* Occasionally a rudimentary axillary bud may be seen in the axil of the second cotyledon 
both in Streptocarpus and Chirita but it never appears to develop unless the plumule and bud 
in the persistent cotyledon axil be damaged. 
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Siwaliks, is either completely unifoliate or, in some cases, a second quite small 
leaf develops opposite the persistent and enlarged cotyledon. This may either 
be the second cotyledon or a small plumular leaf, but from dried specimens it 
cannot definitely be determined. Didissandra sesquifolia C. B. Clarke, affords 
a closely parallel example. One other Chirita, C’. oculata Craib, found by 
Dr. Kerr on limestone rocks at Kao Sakan, Siam, may be either unifoliate or 
herbaceous, depending no doubt on the habitat as in the case of C. capitis. 

In the case of the unifoliate and rosulate Streptocarpus, and probably in 
the other unifoliate genera also, no trace of an apical or plumular bud can be 
found between the cotyledons such as occurs in a normal dicotyledonous 
seedling. The base of the persistent cotyledon, however, becomes circular 
in cross-section and takes the place which a normal plumular bud would 
occupy. The great development of the single leaf from the persistent cotyle- 
don is due to the meristematic activity of the cells at the base of the lamina 
and the midrib of the cotyledon. From the activity of these cells arises the 
single ‘leaf’ of the unifoliate and acaulescent species of Streptocarpus which 
carries the cotyledon at its apex. The single adult leaf may, according to the 
views of some morphologists, be regarded as an ‘adventitious’ organ, since it 
arises directly from a meristem at the base of the cotyledon, the cotyledon 
itself remaining an entity, frequently clearly recognizable, at the tip of the 
adventitiously produced lamina. 

The meristem, however, which gives rise to this great laminal development 
is not a secondary but a primary meristem; hence, according to Goebel 
(1900, i, p. 42), it should not properly be regarded as an adventitious struc- 
ture. ‘This same meristem, which perhaps may be most usefully regarded as 
the delayed plumular bud, can give rise not only to the leafy tissue intercalated 
between the actual cotyledon and the hypocotyl, but also to the reduced shoot 
system consisting of the flowering shoots and their bracts and also, in the 
rosulate species, to the additional leaves which form the rosette, each of which 
closely resembles the cotyledonary leaf. 

This meristematic tract, which has been referred to as a delayed plumular 
bud, may in favourable conditions develop normally and produce the shoot 
typical of the caulescent species of Streptocarpus, Chirita, and other caule- 
scent genera. Despite the fact that it may not be strictly correct to consider 
the leaf of the unifoliate Streptocarpus as an adventitious organ, this 
secondarily produced lamina may well be regarded as an adventitious struc- 
ture, since it is produced de novo from the meristematic cells at the base of the 
cotyledon, and is therefore a somewhat abnormal ‘leaf’ in its mode of origin. 

Unfortunately it has not been possible to study the seedlings of all the 
genera to which reference has been made, but in addition to those of numerous 
species of Streptocarpus and Chirita the following deserve special mention. 

Didymocarpus. ‘The seedlings of the following four species of Didymo- 
carpus, D. crinita, D. platypus, D. paniculata, and D. Mortoni, are for the first 
few days after germination exactly like those of a normal dicotyledon. Then, 
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as in Streptocarpus and Chirita, one increases in size while the other remains 
stationary. As development proceeds, however, the two cotyledons become 
separated, the enlarged persistent one.being at a higher level than the other 
(Text-figs. 11-16 and Pl. V, Fig. 12). The intercalated tissue separating the 


Text-rics. 11-16. Fig. 11. Didymocarpus puncticulatus, a young seedling showing the 
unequal cotyledons at the same level (x6). Fig. 12. The same, an older stage, the persistent 
cotyledon (c. 1) has been carried up by the development of the plumule (x 6). Fig. 13. Didy- 
mocarpus Mortoni, a seedling from above showing the small glabrous second cotyledon and the 
large hairy persistent one (x9). Figs. 14 and 15. The same, later stages showing the develop- 
ment of a petiole to the persistent ‘cotyledon’ (X9). Fig. 16. Didymocarpus platypus, a 
well-advanced seedling showing the persistent cotyledon (c. 1) at a higher level than the small 
one (c. 2) ( X 4). 


two cotyledons is due to the meristematic activity of the cells at the base of 
the enlarging cotyledon and may be regarded as an elongation of the petiole 
of the cotyledon or of the ‘delayed plumular axis’.' 

This displacement of the persistent cotyledon, which also takes place in 
some species of Chirita, is found in both the acaulescent and caulescent species 
of Didymocarpus. 

Seedlings of an unnamed species of Didymocarpus raised from seed sent 
from Malaya show both cotyledons almost equal in size, though one of them is 
usually rather larger than the other. They differ also from those of the other 
species mentioned above in being both at the same level.” 

Klugia. ‘This genus, which occurs both in Tropical Asia and America, 
agrees with Streptocarpus, &c., in the anisophylly of its cotyledons. Accord- 
ing to Fritsch (1904, p. 46) the cotyledons are normal and equal in size in the 
early stages of germination, but in the course of a few days one ceases to grow 


' This region is called the ‘mesocotyl’ by Fritsch (1904). 

? Of the 58 species of Didymocarpus referred to by C. B. Clarke (1883, p. 70) only one, 
D. pygmaea Clarke is monophyllous. Some species, of which seeds have germinated at Kew, 
have normal seedlings, with both cotyledons more or less equal in size. It seems possible that 
a careful study of the genus and of the seedlings of the various species might result in a sub- 
division of this somewhat diverse and widespread genus. 
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and the other, which is carried to a higher level as in Didymocarpus, increases 
in size and becomes a foliage leaf similar to those subsequently developed on 
the stem as in the caulescent species of Chirita. 

Seedlings of Klugia Notoniana and K. zeylanica raised at Kew showed 
well-marked anisophylly of the cotyledons, exactly as in Streptocarpus. 
Klugia, however, differs from Chirita and Streptocarpus in having the 
plumular leaves alternate instead of being opposite. 

Monophyllaea Horsfieldii (Ridley, 1906), from Malaya, which possesses only 
a single leaf throughout its life-history, is another striking example of aniso- 
phylly, the second smaller cotyledon dying off at an early stage in the life- 
history of the seedling, while the other develops into the single leaf of the 
adult plant by intercalary meristematic activity at its base. 

Other genera and species possessing unequal cotyledons are Loxocarpus 
(L. Holttumit),’ Didissandra (D.? atrocyanea),' and Stauranthera grandiflora.* 

Moultonia (Balfour & Smith, 1915), from Sarawak, and Acanthonema 
(Hooker, 1862), from West Africa, probably have similar anisophyllous seed- 
lings, judging from the Streptocarpus-like adult unifoliate plants, but un- 
fortunately the seedlings have never been described. 

Among rosulate genera Saintpaulia (Hooker, 1895), Ramondia (Skan, 1918), 
Haberlea (Hooker, 1882) and Oreocharis (O. primuloides) have seedlings with 
unequal cotyledons, though less markedly so than in Streptocarpus. Those 
of Saintpaulia are of interest since the second cotyledon in many cases is 
more or less glabrous—the larger one developing numerous hairs as it in- 
creases in size (‘Text-figs. 17-18). 

Haberlea has one of its two cotyledons slightly larger than the other, but 
both turn brown and fall off, the smaller one, however, is the first to die while 
the larger one remains green for some time; both are slightly fleshy when 
green and are also glabrous. ‘The larger one is from 1 to 1:25 mm. in length, 
and the smaller from 0-85 to 0-95 mm. long. 

Oreocharis primuloides, the Japanese species, is another plant which has a 
rosette of leaves in an adult stage and shows unequal cotyledons in the seed- 
ling. In this example (Text-fig. 19) the tip of the enlarged cotyledon 1s 
glabrous, but the base hairy as are the normal foliage leaves. At the stage 
illustrated the large cotyledon was 2-5 cm. long and its petiole 1-75 cm., the 
small one 1-5 mm. long and its petiole 0-5 mm. It is not yet certain whether 
the larger one may persist, as one of the rosette-leaves. 

Chirita lavandulacea (Stapf, 1925), the species most commonly grown in 
this country, is worthy of careful study in attempting to trace the relation of 
the one-leaved species of Streptocarpus, Chirita, Monophyllaea, &c., to those 
which have developed the herbaceous habit. It will be noticed (‘Text-figs. 


© Seedlings of these two species were kindly sent to Kew by Mr. R. E. Holttum, Director 


of the Botanic Gardens, Singapore. 
2 Drawings and notes by the late Mr. James Fraser, made when working for Lord Avebury 


on his book on seedlings. 
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20-23 and Pl. III, Figs. 1 and 2) that the cotyledon and the lower foliage 
leaves in C. lavandulacea have fairly long petioles, but when the plant reaches 
the flowering condition the upper floriferous leaves are almost or completely 
sessile. Moreover, it will be seen, more especially where the leaves are quite 


TEXT-FIGS. 17-19. Figs. 17 and 18. Seedlings of Saintpaulia ionantha; 
the smaller cotyledon is almost glabrous, while the larger, like the plumular 
leaves, is very hairy (<3). Fig. 19. Oreocharis primuloides seedling showing 
the unequal cotyledons (c. 1, Cc. 2); the larger has developed a long hairy 
petiole, the lower portion only of the blade is hairy, and in this respect re- 
sembles the plumular leaves (x 9). 


sessile, that the flowers, which at first are axillary, are produced, by a pro- 
liferation of the midrib of the leaf, exactly as are the flower buds along the 
cotyledonary midrib in the monophyllous species of Streptocarpus.! If, there- 
fore, one of these flower-bearing leaves of Chirita be severed from the stem, 
the unit is to all intents and purposes a unifoliate Streptocarpus, and it may— 
as I think—be legitimately suggested that when a herbaceous Chirita reaches 
the flowering stage it exhibits a reversion to an earlier or ancestral condition, 
showing that the herbaceous character in this genus, and also in Streptocarpus 
and the other allied caulescent genera, has developed from a monophyllous 
condition which should be regarded as the more primitive. 

In making an assumption of this nature, which is strengthened by several 
facts not otherwise readily explicable, the anisophylly of the cotyledons in the 
herbaceous species is given a plausible explanation. The ‘reversion’ to mono- 
phylly in the species of Chirita which have been mentioned—especially 


* It should be mentioned that the caulescent species of Streptocarpus always bear their 
inflorescences in the leaf axils and never produce flower buds on the leaf petioles or midribs 
as in Chirita lavandulacea and other species. 
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C. capitis and C. oculata—when grown on rocks or other unfavourable media, 
may, I consider, be held to give definite support to this suggestion. 

On this assumption, then, one may presume that when the monophyllous 
character was developed in primitive Streptocarpus, Monophyllaea, Didymo- 
carpus, Chirita, &c., owing to the habitats they selected, one leaf only—one 
of the two cotyledons—proved to be sufficient for the life-cycle; the second 
cotyledon, being then superfluous, ceased to develop at an early stage in the 
life of the seedling. The second cotyledon, therefore, having ceased to func- 
tion, did not regain its vigour when later these genera—which may all have 
evolved from a more primitive monophyllous type—developed in certain 
species their apical plumular bud and assumed a herbaceous habit and bore ; 
stems with paired leaves, owing to their selection of new habitats where 
the competition of other plants demanded the development of a stem with 
serial leaves so that they could obtain due access to the light. Had they 
remained prostrate with the single leaf lying on the surface of the ground 
It is easy to see how they could be overgrown and suppressed by surrounding 
vegetation. 

Specimens of C. lavandulacea raised from seed received from the Berlin 
Botanic Gardens last year, under the name Roettlera Horsfieldu, have proved 
of particular interest in connexion with these studies (PI IN; Fig?3). It was 
assumed they belonged to a temperate region and they were sown in the 
Alpine Department, the young plants being kept in a frame just sufficiently 
warmed to exclude actual frost. Only one cotyledon developed, as was to be 
expected, and this, as in plants grown under ‘stove’ conditions, was borne 
eventually on a petiole, some 2-5-3 cm. long; no bud, however, developed in 
the axil of the cotyledon, so the plants are one-sided only in respect of the 
single, leafy cotyledon, with nothing to balance it on the opposite side of the 
stem. The plumule developed normally and the plants grown under these 
cool conditions have borne either only one or at most two pairs of leaves, and 
one only or both pairs of the plumular leaves were sessile, flowers being 
borne in their axils and on their midribs (see Pl. III, Fig. 3). 

These cool-grown plants are of interest in comparison with those grown in 
tropical conditions, since the latter develop a strong shoot in the axil of the 
cotyledon and also several pairs of large leaves on long petioles, 10-15 cm. 
long, both on the main stem and on the axillary shoot, before the sessile 
Streptocarpus-like floriferous leaves appear when the plants have reached a 
height of about 65 cm. 

From the behaviour of this species grown in the cool, which results in the 
suppression of vigorous vegetative growth, it is clear that with a little more 
suppression such a monophyllous type as that exhibited by Dr. Kerr’s speci- 
mens of C’. capitis might well be produced, and the relation between both 
unifoliate and herbaceous species of Chirita and Streptocarpus is clearly 
demonstrated. 

The assumption or hypothesis that the caulescent species of Streptocarpus, 
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Chirita, Klugia, &c., have developed from ancestors which adopted the mono- 
phyllous habit would appear to be a reasonable one were it not bound up with 
some puzzling problems of geographical distribution. Nearly all the examples 
under consideration are found in Africa and Asia, including China, India, and 
Malaya, while Haberlea and Ramondia occur as Tertiary relicts in the Pyrenees 
and in the Balkan Peninsula. It is, however, somewhat unexpected to find that 
the genus Klugia with species in Ceylon and in Central and South America 
so closely resembles the caulescent species of Chirita and Streptocarpus in 
shedding one of its two cotyledons with the result that the adult plant is one- 
sided at the base with its unpaired lowest leaf—the enlarged cotyledon. 

The occurrence of this genus in the New World would render any other 
explanation of the phenomenon of anisophylly equally, if not more, difficult 
of acceptance. The fact, however, that in some genera (Haberlea, Ramondia, 
Saintpaulia, for example) the second cotyledon may sometimes grow to a fair 
size, though it is always the smaller of the two, and that at times in mono- 
phyllous species, such as Streptocarpus Dunnii, both cotyledons may occa- 
sionally develop, does suggest a partial recovery of a lost habit or function 
rather than the recent loss of a character—in the case of caulescent species— 
for which no obvious reason can be suggested. 

The cotyledons of Chirita, Streptocarpus, and the other genera whose 
seedlings have been studied, are, as has been pointed out, at first identical in 
size, sessile, and glabrous. In the course of a few days the cotyledon which 
will persist begins to increase in size owing to meristematic activity at its base. 
The ‘adventitious’ lamina, which is rapidly developed, soon becomes covered 
with a fairly dense felt of fine hairs. The actual tip of this leafy organ, how- 
ever, which represents the actual cotyledon, remains more or less glabrous and 
distinct, especially in Streptocarpus Dunnii and S. Galpini, though it may 
often become more or less absorbed and obliterated by the basal proliferation 
which carries the cotyledon at its apex. The second cotyledon which does not 
increase in size usually remains glabrous, though occasionally a few hairs may 
be produced on its margin (Text-figs. 1, 2, & 4, and Pl. V, Fig. II). 

Occasionally in S. Dunnit and other species, and more or less normally in 
some species of Didymocarpus and in Chirita involucrata, the second cotyle- 
don may persist and develop into a large lamina by meristematic activity at 
the base as does the other (Text-fig. 5). 

In both Streptocarpus and Chirita the cotyledons are sessile or practically 
so, but in the caulescent species of Chirita and Streptocarpus as the persistent 
cotyledon develops, not only is there a great increase in the size of the lamina 
due to the activity of the meristematic tissue at the base of the cotyledon, but 
a petiole also develops and in some cases attains a length of from 6 to 15 cm. 
(C. lavandulacea), the resultant leaf being exactly similar both as regards its 
lamina and its petiole to the normal leaves which develop from the plumule 
(Text-figs. 20-23). 

The growth of the ‘cotyledonary’ petiole continues as the plumular leaves 
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TEXT-FIGS. 20-23. Chirita lavandulacea Stapf. Fig. 20. Seedling in young stage showing 
the two dissimilar cotyledons. Fig. 21. A more advanced seedling: the enlarged cotyledon 
(c. 1) has developed a petiole (c. 2, the smaller cotyledon, Pp. scar of the removed plumule). 
Fig. 22. A still later stage, the enlarged ‘cotyledon’ being exactly similar to a plumular leaf. 
Fig. 23. Part of hypocotyl and plumular stem of a young plant. (All x 4.) Cf. Pl. III, 
Figs. 1-4. 
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develop so that the lamina is carried out into the light and is not unduly 
shaded by the plumular leaves above it. The meristematic tissue at the base of 
the persistent cotyledon is thus able to produce both a lamina and a petiole, 
which exactly resemble a normally produced plumular foliage leaf, the tip 
only representing the original cotyledon. 

That the cotyledon itself does not take part in the great expansion of the 
lamina can be well seen in some cases where the second cotyledon has per- 
sisted and developed. In such cases (see Text-figs. 3 and 4) the actual spathu- 
late cotyledon is seen to be carried at the apex of a somewhat cordate-shaped, 
pinnately veined, leafy expansion, similar in character to the lamina which has 
developed from the normally persistent cotyledon. 

Repeated experiments have been made with seedlings, both of Streptocarpus 
and Chirita, to induce the second cotyledon to develop by constant amputation 
of the developing persistent cotyledon. This has been attended with some 
success, especially with Chirita lavandulacea (Pl. V, Fig. 13) and more 
rarely in Streptocarpus. In these cases it is of interest to notice that the 
lamina of the second cotyledon is carried as a small separate glabrous entity at 
the apex of the broad, hairy lamina which has proliferated at its base. The 
photograph of the treated seedlings also shows some in which no develop- 
ment of meristematic tissue has taken place at the base of the second 
dormant cotyledon. 

These experiments help to prove the contention that the great development 
of the persistent cotyledon in these and other monocotylous Gesneriaceae is 
not due to any growth of the cotyledon itself, but to the activity of the meri- 
stematic tissue situated at the junction of the cotyledon and the hypocotyl, 
the new ‘adventitious’ growth often engulfing and obliterating the actual 
cotyledon. 

The remarkable development of the ‘adventitiously’ produced lamina from 
the meristematic tissue at the base of the cotyledon can be well seen in the 
single leaf of the genera Monophyllaea and Moultonia.' It is also very marked 
in certain species of Streptocarpus under cultivation. Plants of S. Dunnit 
grown at the John Innes Horticultural Institution, Merton, during the past 
year developed leaves over 30 in. long by 22 in. wide; those of S. grandis had 
leaves about 27 in. long and 30 in. wide; while the leaves of S. Wendlandiu 
measured 17 in. by 20 in. Judging from photographs sent me by Dr. Pole 


Evans, the single leaves attain very similar Proportions on plants growing wild 
in South Africa. 


SUMMARY 


The paper opens with a discussion of certain dicotyledonous genera whose 
seedlings normally possess only a single cotyledon instead of the pair typical 
for dicotyledons. These include Cyclamen, Ranunculus F icaria, Bunium, 


™ See Balfour and Smith (1915), where the morphological interpretation of the single leaf 
of the unifoliate species of Streptocarpus has been fully discussed. 


With Special Reference to the Gesneriaceae I4I 


Erigenia, Corydalis cava, Pinguicula, and Abronia. In all these cases there 
appears to be no support for Miss Sargant’s theory that the single cotyledon 
represents two fused cotyledons. Evidence is produced to show that the 
second cotyledon may be either rudimentary and capable of development 
(Cyclamen) or wholly suppressed (Ranunculus Ficaria, Bunium, &c.). Refer- 
ence is also made to the apparently monocotyledonous seedlings of the bulbous 
Peperomias, where one of the two cotyledons never leaves the seed-coat and 
is a purely absorbent organ. 

The various genera of Gesneriaceae, in which one of the two cotyledons 
of the seedling exhibits continued growth, by means of a basal meristematic 
zone, are then considered. These include the Asiatic genera Chirita, Moul- 
tonia, Monophyllaea, Didissandra, and Didymocarpus from Indo-Malaya, 
China and Australia; Streptocarpus from Africa, Burma and Siam; Klugia 
from Ceylon, Assam, and America, and several others. Some of these, such 
as many species of Streptocarpus and a few Chiritas, Moultonia, Mono- 
phyllaea, Acanthonema, &c., possess only one leaf—the enlarged cotyledon— 
throughout their life-history. Other species of Streptocarpus and Chirita and 
also Saintpaulia (E. Africa), Ramondia (Europe), Oreocharis (E. Asia), and 
others, develop a rosette of leaves but no plumular axis, while the third group 
including most Chiritas, several species of Streptocarpus, Briggsia, and 
Klugia, and some other genera, consists of herbaceous plants with well- 
developed leafy shoots. In all these cases one of the two cotyledons ceases to 
grow at an early stage and aborts and, in the case of the caulescent species, no 
functional axillary bud is developed in its axil. 

It is considered that the unifoliate genera and species represent the primi- 
tive conditions and that the caulescent forms are derivates from ancestors which 
had assumed the unifoliate habit, and have retained the meristematic zone at 
the base of one cotyledon when the caulescent habit has been developed. 

It is further demonstrated that the single leaf of the unifoliate genera and 
species described is not really the enlarged cotyledon, since the cotyledon 
itself can be recognized as a persistent tip in many cases on the large, hairy 
lamina which is the sole leaf of the plant. This ‘leaf’ arises as the result of 
meristematic activity at the base of the petiole, in the region where the per- 
sistent cotyledon joins the hypocotyl. As a result of this meristematic activity 
the large lamina of the Streptocarpus leaf, reaching to as much as 30 in. long 
by 22 in. wide in S. Dunnit, or the large ‘cotyledonary leaves’ with long petioles 
in Chirita lavandulacea, &c., are formed. 


In conclusion, I must record my thanks to Dr. Metcalfe for making some 
anatomical preparations for me in connexion with the adventitious develop- 
ment of the leaf in the monophyllous species of Streptocarpus, and for the 
information he has given me about Pinguicula and other matters, to Dr. 
Cowan, Royal Botanic Gardens, Edinburgh, for the seedlings of Oreocharis 
and Didymocarpus Mortoni, to Mr. B. L. Burtt for assistance in working 
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through the various genera of Gesneriaceae dealt with in this paper, and to 
Mr. G. Atkinson for taking numerous photographs and for making most of 
the drawings illustrating this paper, for a few of which I am also indebted to 


Miss Ross-Craig. 
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EXPLANATION OF PLATES III TO V 


Illustrating Sir Arthur Hill’s paper on ‘The Monocotylous Seedlings of Certain Dicotyledons. 
With Special Reference to the Gesneriaceae’. 


PLATE III 


Fig. 1. Chirita lavandulacea Stapf: a young plant showing the large petioled persistent 
cotyledon on the left with two axillary shoots and the undeveloped second cotyledon on the 
right. ‘The plumular leaves are paired and exactly resemble the enlarged cotyledon. 

Fig. 2. C. lavandulacea Stapf: a flowering specimen. Note the strong development of 
the shoot in the axil of the cotyledon on the left, also the upper sessile leaves bearing flowers 
in their axils and along the midrib as in unifoliate Streptocarpus. 
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Fig. 3. C. lavandulacea Stapf: grown in a cold frame showing the large cotyledon on 
the right and only one pair of sessile leaves on the plumular axis bearing flowers. 

Fig. 4. A pair of flowering leaves of the plant of C. lavandulacea shown in Fig. 1 cut off 
and seen from above to show the exact resemblance to a flowering unifoliate Streptocarpus. 


PLATE IV 


Fig. 5. Chirita capitis Craib growing on an old plastered wall at Bangkok, Siam—only the 
cotyledon has developed and the plants exactly resemble a unifoliate Streptocarpus. 

Fig. 6. C. capitis Craib growing on limestone rock at Petchaburi, Siam. Here also the 
plants are unifoliate and the flowers are borne on the petioles and midribs of the cotyledons. 

Fig. 7. Plants of the same species grown under good conditions showing the tall branching 
habit like that of C. lavandulacea. 

Fig. 8. Chirita hamosa R. Br. from E. India, S. China, and Malaya—photographs of 
herbarium specimens showing examples of unifoliate [(a) and (b)] plants bearing flowers 
and plants which have developed plumules with pairs of leaves and flowers [(c) and (d)]. 


PLATE V 


Fig. 9. Chirita involucrata Craib: seedlings showing the hairs developed on the larger 
persistent cotyledon and the minute second cotyledon. 

Fig. 10. Seedlings of Streptocarpus Wendlandii Sprenger for comparison with Text-fig. 1. 

Fig. 11. Seedlings of Streptocarpus Dunnii Mast. to show the strap-shaped lamina which 
develops at the base of the persistent cotyledon with the actual glabrous cotyledon carried as 
a distinct entity at its apex. 

Fig. 12. Didymocarpus seedlings showing the enlarging persistent cotyledon carried to a 
higher level by the development of the mesocoty]. 

Fig. 13. Chirita lavandulacea Stapf: the persistent cotyledon was cut repeatedly and in 
a few cases the second cotyledon, which normally dies off, was induced to develop an 
adventitious lamina at its base, exactly as occurs with the persistent one. The actual 
cotyledon does not enlarge and is carried as a small glabrous lamina at its apex. 
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OICOTYLEDONS. 


The Morphology and Mode of Development of the Axillary 
Tubercles and Root Tubers of Ranunculus Ficaria 


BY 


C. R. METCALFE 
(Assistant Keeper, Fodrell Laboratory, Royal Botanic Gardens, Kew) 


With twenty-one Figures in the Text 


G Rey tubercles at the cauline and basal leaf axils as well as the root tubers 
of Ranunculus Ficaria are only too familiar to those whose gardens are 
infested with this plant, because these bodies provide a ready means for the 
vegetative propagation of the species which is not, therefore, easily eradicated. 
Hence it is not surprising that this plant has come to be regarded with dislike, 
and to many its very interesting morphology and the peculiarities in its life 
history are unknown. Nevertheless, as long ago as 1854 Irmisch studied its 
morphology and life-history fairly thoroughly. Later on the morphology of 
the tuberous reproductive bodies was studied by van Tieghem (1866) and 
Halket (1927). The researches of Marsden-Jones (1935) provided a new 
stimulus for the study of the species, and the present writer’s account of the 
morphology of the seedling was published in 1936. It is unnecessary to cite 
more of the papers in which allusion to the tuberous organs of this plant has 
been made as these are set out more fully in the ones mentioned above. It is 
interesting to note, however, that Kumazawa (1930) has described the mor- 
phology and development of the subterranean tubers of Ranunculus Zuccarini 
Migq., and compared them with those of R. Ficaria. He states that in R. Zuc- 
carint the first two tubers to be formed on the seedling represent the adventi- 
tious roots which arise from the first and second foliar leaves. Additional 
tubers arise at the bases of succeeding foliar leaves in older plants. The tubers 
of the Japanese species, unlike those of R. Ficaria, are not easily detached from 
the parent plant. Nor was Kumazawa able to find any tubercles in the axils 
of the cauline leaves similar to those of R. Ficaria, but it is stated in his paper 
that if the perennial basal part of R. Zuccarini is planted rather deeply in the 
soil, several subterranean internodes are formed. ‘In such a case new tubers 
develop at each subterranean node of the stem, being accompanied by the 
usual absorbing roots... .’ 

Irmisch’s account of the morphology and mode of development of the 
tuberous bodies in R. Ficaria is remarkably accurate considering the poor 
facilities for microscopical work available in his time. He recognized that both 
the cauline axillary and subterranean tubers, when mature, consist mainly 
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of a swollen, starch-containing root, bearing one or more small buds. rle 
states that they arise in all cases as axillary buds in association with which 
roots are subsequently formed, but the exact mode of origin of the roots was 
apparently not observed. The buds on the subterranean tubers do not always 
develop, even after a period of rest, so that these bodies serve mainly as storage 
organs. In other instances the tubers become separated from one another 
when the aerial part of the plant dies down during the summer, and then, 
after a period of rest, give rise to fresh plants by the development of one or 
more of the buds which have hitherto remained dormant. Fresh tubers are 
then formed in association with the axils of the leaves of the young plant. 
Irmisch does not make any distinction between the mode of formation of the 
subterranean tubers and those in the axils of the cauline leaves, but, as will 
be shown later on, to have been strictly correct he should have done so. Van 
Tieghem, likewise, regarded the tubers, on whatever part of the plant they 
were produced, as adventitious roots which arise in association with axillary 
buds, and this has been confirmed far more recently by Halket (1927). It 
is quite common for several tuberous bodies to arise from a single leaf axil 
on the aerial stem, and when this happens van Tieghem states that each of 
these bodies is formed in association with a separate bud. Halket (1927) was 
inclined to agree with this suggestion, but says in her paper that more detailed 
work would be necessary to confirm this point. 

Marsden-Jones has studied the axillary tubercles of R. Ficaria from a some- 
what different point of view. His paper is not concerned with the morphology 
of these bodies, but rather with the relationship between their formation and 
the various degrees of floral reduction exhibited by the plant. He recognized 
two distinct varieties of R. Ficaria, one of which, described as var. bulbifera, 
bears numerous tuberous bodies in the axils of the cauline or basal leaves. 
The var. bulbifera under normal circumstances produces little or no viable 
seed, although some forms of it are fairly free-flowering, whereas those 
plants which have no tubercles above soil level produce more flowers and a 
higher proportion of viable seed. Since Marsden-Jones’s paper was published, 
the causes of the lack of viable seed and the imperfect floral development have 
been the subject of a more detailed investigation, but this will not be discussed 
here as it is proposed to publish a separate article on this subject later on. 

Marsden-Jones, quoting unpublished work carried out at the John Innes 
Horticultural Station, refers to the interesting fact that the var. bulbifera 
appears normally to have twice as many somatic chromosomes as the forms 
without tubercles above soil level. Larter (1932) has also investigated the 
chromosomes of R. Ficaria in material supplied by Marsden-Jones, and also 
tends to support the same idea. It seems possible, however, that the relation- 
ship between chromosome number and the formation of axillary tubercles 
may not always be quite so simple as it appears to be at first sight. This is 
suggested by the fact that although Larter found the 27 chromosome number 
generally to be sixteen or thirty-two, and records that the tetraploid plants 
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alone produce axillary tubercles; he nevertheless says that ‘In otherwise 
diploid roots of R. Ficaria isolated groups of tetraploid cells, in which each 
chromosome type is seen to be represented four times, were found’. In one 
instance a male plant with sixteen ordinary chromosomes and two fragments 
was encountered, although most male strains were found to possess perfectly 
normal chromosome complements. 

It is, perhaps, rather unfortunate that the name bulbifera has been applied 
to the variety which bears axillary tubercles above soil level, because the name 
implies that these are morphologically bulbils or stem structures, whereas 
they consist in reality of tuberous roots bearing small buds. A more appro- 
priate term for them would appear to be ‘tubercle’ as employed by Halket 
(1927), and this name is accordingly adopted throughout the remainder of 
this paper. 

Marsden-Jones’s separation of the species into varieties with and without 
axillary tubercles respectively raises the question of whether there is in fact 
any fundamental difference in the morphology of the tubercles in the leaf 
axils above soil level, and the similar-looking subterranean bodies which are 
common to both varieties. No such distinction was recognized by previous 
workers, although variations in the degree of floral reduction have been re- 
corded by several workers, some of whom, like van Tieghem, state that the 
more completely sterile forms bear axillary tubercles whereas the relatively 
fertile ones do not. At the same time van ‘Tieghem, unlike Marsden-Jones, 
states that there are tubercles at soil level even in the fertile forms. This 
uncertainty and the fact that Halket (1927) suggested in her paper that a more 
complete investigation might yield further information concerning the rela- 
tionships of the adventitious roots to the axillary buds from which they are 
believed to arise are the principal reasons why the present investigation was 
undertaken. 

MATERIAL AND METHODS 


Most of the material used in this investigation was kindly supplied by 
Mr. E. M. Marsden-Jones from the Potterne Biological Station near Devizes. 
Additional wild material from Middlesex, Buckinghamshire, Devonshire, 
and Dorset was also examined. Fixation was with formalin-acetic-alcohol 
in which the material was also preserved until required for embedding. 
Practically the whole investigation was based on serial microtome sections 
stained in iron-alum haematoxylin and safranin. 


Mode of development of the axillary tubercles. 

In Fig. 1 a typical example of a simple axillary tubercle is shown, drawn as 
if it were a transparent body so that the distribution of the vascular strands 
can be seen. At this relatively mature stage of its development it consists 
mainly of a large tuberous, negatively geotropic root R, with a well developed 
root-cap RC. A single vascular strand v, which in cross section shows a typical 
root structure with alternating xylem and phloem groups, passes into the 
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Fics. 1-6. Fig. 1. A fairly mature axillary tubercle drawn as if it were a transparent body 
so as to show the distribution of the vascular strands. The bases of the adjacent leaves and of 
a petiole are also indicated. B, main bud of tubercle. F, peduncle. L 1 and 1 2, bases of foliage 
leaves. R, root portion of tubercle. Rc, root-cap. sL, scale leaf. v, main vascular strand of 
tubercle. v 1 and v 2, vascular strands to bud B. Fig. 2. A section of a very young tubercle. 
L 1 and L 2, embryonic leaves. s, apical growing point. Fig. 3. Diagrammatic reconstruction 
of a young bud with a secondary one in the axil of one of the component leaves. Fig. 4. 
Ground plan of buds shown in Fig. 3. Fig. 5a. Diagrammatic reconstruction of a complex 
system of buds arising in the axil of the leaf L 1. Fig. 5b. Part of 5a viewed from the opposite 
side. Fig. 5c. Ground plan of Fig. 5a. Fig. 6. A section passing through the base of leaf L in 
the axil of which there are four buds. Letters in Figs. 3-6. B 1-B 4 buds. L, undifferentiated 
tubercles. L 1-1 6, foliage leaves. s 1 and s 2, apical growing points. v, vascular strand. 
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base of the tubercle from the underlying vascular tissue of the parent plant, 
and extends to the apical growing point of the root. Near the point of 
attachment to the parent plant there is a small vegetative bud B, which is 
supplied by small branches of the main vascular strand, two of which labelled 
Vv 1 and V 2 respectively may be seen in the figure. Sometimes a few minute 
scale leaves, SL, are present at the point of attachment of the tubercle to the 
parent plant. The tubercle is axillant to a leaf, a portion of whose base L 1 
is shown. Fig. 1 also includes the bases of a peduncle F and a second foliage 
leaf L 2. During their subsequent development the root portions of tubercles 
of this kind frequently become positively geotropic, their distal ends growing 
downwards so that the mature tubercle is frequently curved. Very often the 
curvature brings the root apex in contact with the sheathing base of the leaf 
in whose axil it has arisen, in which case the leaf base becomes perforated by 
the pressure exerted on it by the elongating root, which then continues to 
grow through the hole which is thus formed. 

The tubercle in Fig. 1 is a simple type. In other cases it is common to find 
several tubercles at a single node, or alternatively compound tubercles con- 
sisting of a number of buds and roots joined together in a single mass. There 
seems no good reason for including additional figures of these complex forms 
as they are well illustrated in some of the previous papers referred to above. 

In all cases examined, the tubercles were found to arise from exogenous 
masses of parenchymatous tissue situated in the leaf axils. These seem to be 
endowed with an infinite capacity for producing growing points, some of 
which differentiate as roots whilst others give rise to buds. Ina simple case 
one such axillary mass of parenchyma forms two growing points only, one 
of which gives rise to a bud and the other a root. Sections through a very 
young simple tubercle exhibit a structure which does not differ from that of a 
normal axillary bud, but very soon a root initial is laid down in the tissue of 
one of the young leaves or in the parenchyma below the stem apex. In some 
instances the exact point of origin of the root could not be observed, but roots 
may arise from practically any part of the bud itself or of the tissue immediately 
beneath it. Later on, the root initial elongates more rapidly than the bud in 
association with which it has arisen so that the latter becomes progressively 
less conspicuous during the subsequent development of the tubercle. The 
bud may eventually be seen as a small, obliquely directed structure at the 
base of the tubercle as in Fig. 1. A simple tubercle of this kind may, therefore, 
be regarded as an inverted adventitious plantlet. The very rapid development 
of the root initial when once it has been laid down makes the earliest stages 
difficult to follow. The minute scale leaves which are frequently present at 
the base of a mature tubercle (Fig. 1, sL) appear to belong to the original 
bud but to have become separated from the region of the stem apex by the 
enlargement of the tuberous root. 

The above course of events precedes the formation of a simple tubercle, 
but, as already stated, more complex forms are very common. One type of 
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complication results from the formation of additional buds in the leaf axils 
of the initial bud whilst the tubercle is still attached to the parent plant. It is 
also common for additional buds to arise adventitiously from the tissues of 
the tuberous root. By the operation of one or both of these causes it is possible 
for mature tubercles with one main bud and numerous smaller buds to be 
produced. 

It has already been pointed out that the initial axillary parenchymatous 
humps, which for convenience may be referred to as protubercles, are endowed 
with the capacity to produce a considerable number of root and stem initials, 
so that several tubercles may originate from a single protubercle. Other 
complications are due to the fact that some of the initial axillary buds are 
themselves compound, accessory buds being present in the axils of the leaves 
of which they are composed. It is quite easy to appreciate from these facts 
that an infinite variety of forms of mature tubercle are capable of arising 
according to the arrangement and sequence in which stem and root initials 
are formed in the original protubercle. Sometimes a sequence of simple 
tubercles arises from one axillary mass of tissue, but in other instarces the 
growing points are situated so that fusions between the products of separate 
stem and root initials are possible. In this way tubercles with extremely 
complex forms and shapes arise, and when mature it is frequently difficult to 
unravel the exact manner in which they have developed. Another complicat- 
ing factor is the enlargement of the tissues contingent upon the accumulation 
of starch, which sometimes leads to the fusion of originally separate structures. 

In one or two instances axillary tubercles were found on which no buds 
could be detected, in which case the tuberous bodies had the form of simple 
adventitious roots. This, however, seems to be extremely rare. 

Descriptions of specific tubercles of various kinds at different stages of 
development will now be given to illustrate the above generalizations. All 
the details in the figures have been observed in serial microtome sections. 
In the first instance camera lucida drawings of a very large number of 
individual sections were made in order to illustrate this paper, but it became 
clear that it was difficult to appreciate their significance unless the actual 
slides were available for study at the same time. Accordingly rough plasticine 
models of the buds and tubercles were prepared, with the aid of the serial 
sections, and drawings of these were made. It is hoped that these somewhat 
diagrammatic reconstructions taken in conjunction with a limited number 
of drawings of actual sections will make clear the rather complex nature and 
mode of origin of the tubercles. 

In Fig. 2, which represents a section through a very young tubercle, the 
stem apex s and two embryonic leaves L 1 and L 2 are to be seen. In fact 
the structure is that of a simple axillary bud not completely differentiated, 
the whole consisting of parenchymatous cells most of which are still filled 
with cytoplasm and provided with nuclei. In an adjoining section, however, 
it was possible to distinguish a root initial arising from the bud. 
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Fig. 3 is a diagrammatic reconstruction of a bud consisting of a stem apex 
S 1 and three leaves L 1-1 3. In the axil of L 1 there is a smaller bud con- 
sisting of a stem apex s 2 and three leaves labelled L 4-L 6. Fig. 4 is a ground 
plan of the same bud system, the same letters applying as for Fig. 3. At this 
particular stage of development no root initials had been laid down, but it is 
quite evident that if one or more root initials were subsequently to arise in 
association with either the main bud or the smaller one a very complex type 
of tubercle might be formed. 

A reconstruction of a slightly older protubercular system is to be seen in 
Fig. 5. In 5 a, Lx represents part of the base of a foliage leaf of the parent 
plant in whose axil there are two young tubercles arising from a parenchy- 
matous base. In addition there are two rudimentary structures I, which 
exhibited no internal differentiation but probably represented potential 
tubercles. These might be expected to remain dormant until the older ones 
had matured and fallen off. Of the older buds shown in the figure, one con- 
sists of the embryonic leaves L 2 and L 3 and the other of the leaves L 4 and 
L 5, the centre in each being occupied by the stem apices $ 1 and s 2 shown 
in § c, which represents a ground plan of 5 a. No root initial was observed 
in association with the left hand one of the two buds. In the right hand one, 
however, part of the leaf L 4 is almost cylindrical (L 4 in Fig. 5 c), and its 
structure indicated that it was a young root arising in association with the 
leaf L 4. In 5b the solid root-like, and the apex of the laminate portions of 
L 4 are also illustrated as they would appear if viewed from the side towards 
Li. The lamina of L 4 has split during the course of its development where 
it folds over L 5 so that there are two flaps of tissue one of which has fallen 
on either side of the lamina of L 5. 

Another example in which there are four tubercles B 1-B 4 arising from a 
single-leaf axil is illustrated in Fig. 6, which represents one of a seriv> of 
sections passing through the axillary region of a leaf L, which for the sake of 
simplicity has been depicted as if it were cut off at its base. Part of a very 
large vascular bundle v which supplies two of the young tubercles and then 
extends upwards into the leaf in whose axil they have arisen is also visible. 
Very large bundles of this type are always to be found in positions where 
tubercles are arising. 

Having thus seen how the tubercles originate, the various stages of develop- 
ment intermediate between those in 1 and 2-6 respectively will now be 
considered. When once a root initial has been laid down it develops, as was 
pointed out above, far more rapidly than the bud and sooner or later begins 
to curve. Thus in Fig. 7 we have a large curved tuberous root R bearing a 
small vegetative bud B which has arisen in the axil of the leaf L 1, only the 
base of which is indicated in the figure. A much younger tubercle T 2 is 
also shown. Fig. 8 is of one of a series of sections passing through a similar 
pair of tubercles. ‘The root-cap RC, vascular strand v, and a scale leaf s.L. 
at the base of the larger tubercle are shown. The bud corresponding to B 
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Fics. 7-14. Fig. 7. A curved tubercle in the axil of the leaf L 1 which has been cut off 
near the base. A younger tubercle, T 2, is shown near by. Fig. 8. A section through two 
tubercles similar to those in Fig. 7. Fig. 9. A view of a curved tubercle drawn as if it were a 
transparent body shown in relation to the adjacent foliage leaves and a peduncle. Figs. ro-12. 
Sections of a tubercle similar to that in Fig. 9 taken in three different planes at right angles to 
that shown in Fig. 9. Fig. 13. A compound tubercle consisting of two roots fused together 
and bearing two buds, B 1 and B 2. Fig. 14. A median longitudinal section of the tubercle in 
Fig. 13. B, Br, and B 2, buds. F, peduncle. L 1 and L 2, bases of foliage leaves. R, RI, and 
R 2, roots. RC., root-cap. s.L., scale leaves. T 2, young tubercle. 
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in Fig. 7 was in a different plane from that illustrated in Fig. 8, but the section 
passes through the bud of the smaller tubercle T 2, the young root of which 
could be seen in adjoining sections. 
mE ig. 9 represents a fairly young tubercle of which the root-tip is orientated 
in the same direction as the bud B 1, which has arisen in the axil of the leaf 
L 2, in the region of the peduncle F. The vascular strand v to the root is 
shown and also one of the smaller strands v 1 passing to the bud. A selection 
of three sections from amongst a series passing through the tubercle in planes 
at right angles to the view shown in Fig. 9 are illustrated in Figs. 10-12. 
A small secondary adventitious bud B 2 which has arisen from the tissues of 
the tuberous root, and which is supplied by a small vascular strand v 2 is 
to be seen in Fig. 12. This should not be confused with the main bud B, 
which is shown in transverse section in Fig. 10. 

A tubercle with a single primary bud B 1, a secondary adventitious bud 
B 2, and two tuberous roots R1 and R 2 is shown in Fig. 13. A section of 
the same tubercle is illustrated in Fig. 14. In this instance two root initials 
must have been laid down in association with the original bud. Figs. 15 
and 16 show sections in different planes of two separate tubercles arising in 
the axils of the leaves L 1 and L 2 on either side of a peduncle F. It is interest- 
ing to note that in the left hand one of these, besides the main bud B 1, there 
are three adventitious buds B 2-8 4 which have arisen from the root tissue. 

When axillary tubercles are increasing in size, owing to the deposition of 
starch in the tissues, the plant frequently appears to be unable to synthesize 
sufficient food materials to enable the adjacent flowers to develop normally. 
This may be one of the main causes of the frequent incomplete floral develop- 
ment which is especially prevalent in the forms of R. Ficaria which bear 
numerous tubercles in their leaf axils. In Figs. 17 and 18 longitudinal sections 
in different planes passing through a young reduced flower close to a tubercle 
T are depicted. The sepals se and perianth P are fairly well developed, but 
the anthers a and carpels c reduced to empty bags. Some of the anthers 
in these figures appear to be unattached. This is because only small 
portions of them are included in the sections. 


Mode of origin of the subterranean root tubers. 


It has already been mentioned that previous workers believed the root 
tubers to have the same structure and mode of origin as the axillary ones 
which arise above soil level. This, in a sense, is true, but there are certain 
differences which must be taken into account. In the seedling, for instance, 
the first subterranean tuber is an adventitious root which arises endogenously 
from the tissues immediately below the stem apex near the base of the single 
cotyledon. It, therefore, resembles an axillary tubercle in that it is an adven- 
titious root which arises in association with a bud, the main difference being 
that the first tuberous root of the seedling is positively geotropic from the 
start and the bud in association with which it arises is terminal and not axillary. 
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Fics. 15-21. Figs. 15 and 16. Sections passing through different parts of a pair of young 
tubercles situated in the axils of the leaves L 1 and L2 on opposite sides of a peduncle F. 
Figs. 17 and 18. Sections in two different planes passing through an abortive flower, situated 
near an axillary tubercle T. Fig. 19. A transverse section of a subterranean root tuber 
passing through a bud situated near the point of attachment to the parent plant. A young 
tuber initial R 2 can be seen arising from the tissues of the bud. Figs. 20 and 21. Sections in 
two different planes passing through a young subterranean root tuber (dotted area) arising 
in the region of the main bud of a parent tuber. Two separate buds, B 1 and B 2, are shown 
arising from the tissues of the young tuber. a, anthers. B 1-B 4, buds. c, carpels. F, peduncle. 
L I-L 6, leaves. P, petals. se, sepals. sL., scale leaf. R I, root of parent tuber. R 2, daughter 
tuber. RC, root-cap. T, axillary tubercle. V, V 1, and v 2, vascular strands. All black areas 
represent vascular tissue. 
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In addition this apical bud does not normally become so closely woven into 
the tissues of the mature tuberous root that it breaks away from the parent 
plant with the root tuber in the event of the latter becoming detached. When 
the aerial part of the seedling dies down at the end of the season, however, 
the buds formed in the axils of the leaves remain associated with the root 
tuber and undergo further development in the following year. The mode of 
formation of the second and succeeding subterranean tubers of the seedling 
has not been followed, but careful observations on the mode of development 
of young tubers on older plants have been made, both on wild material as well 
as on small plants grown in water culture so that the developing tubers could 
be kept under observation during a prolonged period. 

New root tubers on young plants were found to arise endogenously from 
root initials, closely associated with the numerous buds which are always 
present in the leaf axils at soil level. These roots are positively geotropic 
from the start and perforate the parenchymatous tissue at the base of the 
plant, which consists chiefly of the leaf bases which are so close together 
that they form a small solid rootstock. Having thus reached the exterior of 
the plant the roots enlarge and become tuberous, starch being deposited in the 
parenchyma of the cortex at the same time. Adventitious buds arise from the 
cortical tissue meanwhile, mostly near the point of attachment to the parent 
plant. The buds frequently arise at a very early stage in the development of 
the root, so that each root tuber, like the cauline axillary tubercles already 
described, is almost comparable with an adventitious plantlet. ‘The fate of 
the root tubers is intimately bound up with that of the parent plant on which 
they are formed. At the end of the season’s growth the aerial parts of the 
plant die down, leaving the root tubers held together by the small rootstock. 
At the beginning of the following season’s growth some of the buds on the 
tubers give rise to fresh aerial branches, whilst others remain dormant. ‘The 
food necessary to initiate this growth is obtained from the tubers. In due 
course fresh root tubers are formed in association with the young branches, 
and so the plant perennates and increases in size. Individual tubers or groups 
of them eventually become separated from one another, and then continue 
an independent existence, the perennating system of the plant thus serving 
as a means of effecting vegetative propagation. 

Very frequently the subterranean part of an R. Ficaria plant consists of a 
number of short root tubers all joined together in a mass somewhat resembling 
a bird’s nest, in addition to the longer unbranched tubers so far described. 
Careful examination has shown that these complex tuber masses are produced 
by the successive formation of root initials in association with the dormant 
buds of pre-existing tubers. 

Figs. 19-21 represent sections of subterranean tubers, in association with 
the principal buds of which young tubers are to be seen at very early stages 
of their development. The lower part of Fig. 19 consists of the root R 1, 
and the single large vascular strand v cut transversely near the point of 
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attachment to the parent plant. The upper part of the same figure represents a 
bud, whose leaves L 1-L 6 are shown. R 2 (dotted area) is a very young adven- 
titious root which is arising endogenously near the main bud of the parent 
tuber, and growing obliquely towards the exterior by perforating the adjacent 
parenchyma. v 2 is the vascular strand of the young root. Figs. 20 and 21 
represent two sections in slightly different planes passing through the main 
buds of an old tuber in association with which a young tuber.can be seen at a 
slightly later stage of development than that in Fig. 19. In Figs. 20 and 21 
the root corresponding to R 1 in Fig. 19 of the parent tuber is not indicated. 
If it were it would be below the broken line at the base of the figure. In the 
dotted area R 2, which represents the young tuberous root, two adventitious 
buds B 1 and B 2 have arisen. The vascular strand v 2 is much larger than 
that at the stage shown in Fig. 19, and there is a well developed root-cap Rc. 
L I-L 3 represent some of the leaves which make up the bud of the parent 
tuber. In Figs. 20 and 21 the young buds of the newly formed tuber are so 
close to the axil of the leaf L 1 of the bud of the parent tuber that it might at 
first sight be thought that they are axillant to this leaf. That they are more 
correctly to be interpreted as adventitious buds arising from the young root 
R 2 may be inferred from the fact that at an earlier stage of development as 
in Fig. 19 no buds have been differentiated in the tissues of the young root. 

It often happens during the subsequent enlargement of the newly formed 
roots that fresh root initials arise close to the adventitious buds which have 
originated in the manner just described. This process may be repeated in- 
definitely without the successive tubers becoming separated from one another 
unless there is some form of mechanical interference; and so the complex 
branched masses of root tubers are produced. 


DISCUSSION 


It seems reasonable to suppose that R. Ficaria has, during the course of its 
phylogenetic development, gradually lost its capacity for normal sexual 
reproduction ; but that the degree of floral reduction varies considerably in 
different races. In some districts and countries the floral reduction of R. Ficaria 
is known to be more pronounced than in others. An interesting subject for 
speculation is why this change has taken place and whether it is universally 
accompanied by the genetical distinction referred to above. Many people 
now believe that the initiation of adventitious roots is controlled by the hor- 
mone-like action of chemical substances synthesized within the plant itself. 
Bouillenne and Went (1933) have suggested the term rhizocaline as a suitable 
one to include all such root-promoting substances. They are more generally 
referred to as auxins, however, because they possess other growth-regulating 
properties besides that of stimulating root formation. It therefore seems 
possible that there is a relationship between the content and distribution of 
rhizocaline in R. Ficaria and the number and situations of the axillary tubercles 
and subterranean tubers which are produced in different races of this species. 
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An interesting subject for investigation would be whether the artificial intro- 
duction of chemicals known to possess root-promoting properties into an 
R. Ficaria plant which was known under ordinary circumstances to be 
incapable of producing cauline axillary tubercles, would induce the formation 
of these bodies. Also whether, in the event of success being obtained in 
experiments along these lines, the genetical alteration would also be induced. 


It'is hoped that it may in due course be possible to conduct experiments to 
test this idea. 


SUMMARY 


The tubercles in the axils of the foliage leaves, as well as the subterranean 
tubers of Ranunculus Ficaria, consist when mature of swollen, starch-con- 
taining roots bearing one or more buds. The aerial tubercles, which are 
frequently compound when mature, originate from simple buds or groups 
of buds in the tissues of which root initials are laid down. The subterranean 
tubers likewise originate in the region of axillary buds at the base of the plant, 
but differ from the aerial ones in being positively geotropic from the start. 
In both categories of tuber additional buds arise adventitiously from the root 
tissue. The manner in which large, complex masses of subterranean tubers 
or compound aerial tubercles arise is described in detail. Marsden-Jones’s 
previous description of forms of R. Ficaria with aerial tubercles as a genetically 
distinct variety under the name bulbifera is discussed in connexion with the 
recent hypothesis that the formation of adventitious roots is governed by the 
hormone-like action of chemical substances synthesized within the plant itself. 


I am indebted to all those who have assisted in various ways with this 
investigation. My thanks are due especially to Sir Arthur W. Hill, for advice 
on the preparation of the manuscript, to Mr. E. M. Marsden-Jones for supply- 
ing material, and to Dr. W. B. Turrill for many helpful suggestions. ‘The 
illustrations of the reconstructed buds and tubercles were prepared by Mr. G. 
Atkinson. 
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Studies on the Absorbing Surface of Sugar-cane 
Root Systems 


I. Method of Study with Some Preliminary Results. 
BY 
H. EVANS, Ph.D. 


(Botanist, Sugar-cane Research Station, Mauritius) 


With two Figures in the Text. 


INTRODUCTION 


OST of the studies hitherto carried out on the root-system of sugar- 
cane have been qualitative in nature, and have been concerned mainly 
with the distribution of roots in the soil at different times in the life-history of 
the cane and under different environmental conditions. Investigations of this 
type have yielded very important results, and have found considerable practical 
application in the selection of parents for breeding purposes, in the selection 
of canes for dry and wet environments, and in the selection of canes for 
environments infested with the white grub (Phytalus smithi, Arrow). 
Various field problems, such as the factors affecting good germination of 
the cuttings, cultural methods, and fertilizer practices, have also been, at least 
partially, solved, following the application of the findings from such root 
investigations. Where quantitative methods have been used they have been 
based exclusively on either root weights, root length, or root numbers. The 
distribution of roots in the soil by weight has been extensively investigated, 
particularly in Hawaii, and, within varieties, close correlations between root 
weights and crop yields have been established in Mauritius. The information 
that can be obtained from qualitative methods is limited, and the quantitative 
methods hitherto used all assume a relationship between the factor measured 
(root weight, length, or number) and the efficiency of the root system in its 
major function, viz. absorption. Certain available data created a doubt as to 
whether such a close relationship as was assumed really existed. ‘The most 
accurate information on the efficiency of a root system is obviously to be 
obtained from determinations of the surface area actually concerned in ab- 
sorption. As far as the author is aware, the only previous attempt to determine 
the spatial distribution of the absorbing surface of root systems is that of 
Nutman (1934) working with Coffea arabica. It appears from the work of this 
investigator that in coffee the absorbing surface is confined to those roots 
which are classed as ‘feeder-roots’. 
[Annals of Botany, N.S. Vol. II, No. 5, January 1938.] 
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In calculating the absorbing surface of the root system Nutman takes the 
sum of the surface area of the root-hairs plus the surface area of the feeder 
roots, excluding that due to the presence of root-hairs, as being equivalent to 
the absorbing surface. No evidence is provided, (a) that the direct surface of 
the feeder roots is capable of absorbing, (b) that all the root-hairs function. 
There is little doubt, that absorption is possible by the epidermal cells not 
modified as root-hairs in their very young state, but when suberization of the 
hypodermal layers has taken place, it is obvious that absorption through this 
channel becomes impossible. Nutman gives no data on the longevity of the 
root-hairs in coffee or whether they function for as long as they survive on the 
roots. In general, root-hairs survive for a comparatively short period, a few 
days or weeks (Lundegardh, 1931), but examples are known where the root- 
hairs survive for several years, although they do not apparently function for so 
long a period (Miller, 1931). 

M°Dougall (1921) observed that the root-hairs of Gleditsta tricanthos per- 
sisted for several months, and became thick walled and brown in colour. 
Whitaker (1923) confirmed the work of M*Dougall and found that the root- 
hairs in certain species of the Compositae persisted for as long as three years. 
Weaver (1925) also found that, after ten weeks, wheat roots possessed root- 
hairs on 99 per cent. of their area. Very little information is available on the 
duration and functional activity of the root-hairs in sugar-cane. 

Artschwager (1925) states that the root-hairs in the variety Black Cheribon 
persist for a considerable period, but that they do not apparently function for 
the whole of their life. He provides no experimental evidence in support of 
this latter statement. The importance of the absorbing surface of root systems 
is well established, cf. Lundegardh (1931), who states: ‘The chief necessity for 
the root is the development of a very large absorptive surface, and this is 
attained by repeated branching and by the formation of root-hairs.’ The 
problem of determining the absorbing surface of the sugar-cane root system 
is complicated by the fact that it is not only the fibrous or ‘feeder’ roots which 
can take part in absorption. Every root in the system, at least during its 
young state, plays an important part in absorption. Moreover, it has been 
found that many sugar-cane roots several months old still bore a considerable 
number of root-hairs, not only on the younger parts, but on the older parts in 
proximity to the stool. In fact, every root in which the cortex had not actually 
decayed still possessed some root-hairs. Artschwager’s statement that root- 
hairs persist for a considerable period in sugar-cane is thus amply confirmed. 
In the older sugar-cane roots there is a break-down of cortical tissue, resulting 
in the presence of large air-chambers, separated from each other by narrow 
bands of persisting cortical cells. These have been described by Artschwager 
(1925) and by the author (Evans, 1932). Roots in which this break-down of 
cortical tissue has occurred to an extreme degree still, however, bear root- 
hairs (Fig. 1). ‘The author considers that these air-chambers facilitate gaseous 
interchange within the roots, and that the persisting chain of cortical cells 
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serve for the conduction of water and mineral substances from the piliferous 
layer to the endodermis. Wilson (1936) has shown that in Elodea, Potamo- 
geton, Stratiotes, Carex, and several other plants root-hairs are formed from 
special cells, differentiated quite near the root-tip, which are distinguishable 


r 


Fic. 1. ‘Transverse section of old root of sugar-cane 
showing persisting root-hairs. 
from the other non-potentially bearing cells of the piliferous layer. Trans- 
verse and longitudinal sections of the tip of several sugar-cane roots failed to 
show a similar specialization of hair-forming cells in this plant. 

In order to obtain some indication as to whether the root-hair surface could 
be taken as an index of the absorbing surface, some preliminary experiments 
were carried out to determine whether the root-hairs on the older roots were 
capable of absorbing. Two methods were used, viz. (1) plasmolysis of the 
root-hairs, (2) absorption of a solution of a dye by intact roots while still 
attached to the plant. 

Plasmolysis of the root-hairs on young, actively growing roots was first 
effected. It was found that plasmolysis, even in these young hairs, varied 
from a perfectly regular type to an extremely irregular type. Where the latter 
was extreme it was often difficult to determine whether plasmolysis had 
occurred at all. The regular and irregular types of plasmolysis produced are 
shown in Fig. 2, a and b. In the first case the protoplasm recedes in one mass 
from both the lateral and end walls; in the second case the protoplasm 
becomes broken up into smaller masses. 

In the hairs of the older roots plasmolysis was mainly of the irregular type. 
A few root-hairs on the oldest roots had definitely ceased to function, being 
filled with air, but the number of these was comparatively small. It is probable 
that there is a difference in the efficiency of root-hairs for absorption, the 
efficiency decreasing with age. ‘The evidence of plasmolysis, though not 
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conclusive, points to the result that even the hairs on the older roots are 
capable of absorption, if only to a limited degree. 

Intact roots of the old type, and of the young actively growing type, were 
unearthed and placed in a solution of acid fuchsin in separate containers. 
After a period of twenty-four hours 
the young root had absorbed 20 c.c. of 
the dye solution, whereas the old root 
had absorbed 4 c.c. The old root was, 
therefore, capable of some absorption. 

It is thus considered that the root- 
hair surface may be taken as a close 
approximation to the absorbing sur- 
face of the root system. Naturally, 
in young root systems, where the 
number of white unsuberized roots 
is high, the area of the unsuberized 
surface must be added to the root- 
hair surface, to obtain an evaluation 
of the absorbing surface. After a 
time, however, this direct surface be- 
comes negligible in comparison to the 
root-hair surface. 
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The material investigated consisted 
of stools of three important commercial 
Fic. 2. Types of plasmolysis in the root-hairs varieties: POJ. 2878, BH. 10 (12), and 
of sugar-cane. A = regular; B = irregular. White Tanna. They had been specially 
planted at 9 ft. apart between the stools and 12 ft. between the rows in a root- 
investigation plot. The qualitative root development had been followed at 
two, three, five, and six months of age, and the extent and distribution of roots 
at these stages has been described (Evans, 1936). The results to be described 
here represent, therefore, further studies of these plants when the root system 
was more or less mature (twelve to fourteen months old). 


METHOD 


Since the technique which was used is original in several respects, the method 
of determining the absorbing surface will be described in some detail. 

A sector of the root system generally consisting of one-third to one-half of 
the complete system was examined. Taking the centre of the stool as the apex 
of the sector, arcs were drawn of radius 1 ft., 2 ft., 3 ft., &c., to a maximum 
distance of g ft. in such a direction that there was no interference from 
neighbouring stools. The soil and roots in each of these areas was carefully 
removed, first, to a depth of 1 ft., until the whole sector had been completed. 
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The same procedure was then followed for the remaining foot layers to a 
depth of 6 ft. Knowing the angle of the sector, the roots in the whole system 
can then be evaluated. On the soil and roots which had been excavated from 
these zones, the process of extracting the roots from the soil was then begun.’ 
For this purpose a large steel box was constructed (the steel being obtained 
from empty oil drums of 50 gallons capacity). The box stood on four legs, two 
legs being 6 in. shorter than the other two legs, thus giving a slope to the box. 
At the lower side of the box three large circular holes were made, fitted by 
large rubber stoppers. The dimensions of the box were 6 ft.x 4 ft. 12 ft. 
A large quantity of soil can be dealt with in such a box. 

On the soil (plus roots), which was placed in the box, a jet of water at con- 
siderable pressure was played, breaking up the lumps, and churning up the 
soil, until the water was about a foot deep in the box. The roots, which were 
thus freed from the soil, either floated or remained in suspension in the water. 
The large rubber corks were then removed one by one, the water and roots 
which escaped passing through a fine mesh sieve. Five such washings to each 
filling of soil effected a quantitative extraction of the roots from the soil mass, 
even the most delicate fibrous roots, which could not normally be extracted. 
Ona sample of the fresh roots measurements of the mean length and diameter 
of the root-hairs were made. From the mass of roots obtained from each 
zone, after air-drying, the fibrous roots were picked off by hand, the major 
roots being then graded into three classes according to their diameter. There 
are thus four classes of roots: group I, fibrous roots; group II, thin, mainly 
secondary roots; group III, somewhat thick, mainly primary roots or stout 
secondaries; group IV, thick roots, mainly buttress roots (Evans, 1936). The 
mean diameters of the roots in the various classes were as follows: group I, 
0:20 mm.; group II, 0-5 to 0-7 mm.; group III, 0-8 to 2-5 mm.; group LY; 
over 2:5 mm. An adequate sample of the various classes of roots from each 
zone was taken and immediately placed in 70 per cent. alcohol, the air being 
removed under a suction pump. These samples were kept for subsequent 
root-hair counts. 

The total length of the roots of groups II, III, and IV in each zone was 
determined by direct measurement. Mixed up with the fibrous roots there 
was a considerable amount of foreign matter which floated in the water during 
the extracting process, and which was subsequently retained in the sieve. An 
efficient method of removing this foreign matter (which consists mainly of 
lumps of charcoal and other vegetable remains) was devised. The fibrous 
roots and foreign matter were air-dried and placed in a long glass tube, 
14 metres long and about 1} in. in diameter. This tube was fitted with a cork 
and glass tube at the lower end, and a piece of muslin tied around the upper 
end. A current of air from a blow-pipe was sent in through the glass tube at 
the lower end. By this means the fine roots were blown higher up the tube 


™ In the preliminary work the roots were picked out by hand, but this method was later 
replaced by the water-extraction technique described here. 
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than the foreign matter, which generally was deposited at the bottom of the 
tube when the air blast was stopped. A complete separation of the roots and 
foreign matter was thus effected. It was then necessary to determine the total 
length of the fibrous roots. Direct determination by measurement was im- 
practicable owing to their fineness and the time which would be involved. An 
indirect method was, therefore, devised for this purpose. The diameter of a 
large number of fibrous roots was first determined by arranging them serially 
on a glass slide, and making the measurements under the microscope, using a 
micrometer scale. ‘The diameter of 200 or more can be determined in a few 
minutes, thus giving a good estimate of the mean diameter. The fibrous roots 
were then placed in an accurately graduated flask (the volume of the flask 
depending upon the amount of roots). Another flask of equal volume was 
filled to the mark with paraffin oil (kerosene), and sufficient was then poured 
into the flask containing the roots to bring the volume to the mark. Air- 
bubbles were removed by revolving the flask gently. The volume of paraffin 
oil which was left, being equivalent to the volume of the fibrous roots, was 
either determined directly or by weighing after determining the specific 
gravity. Paraffin oil was used, since there is no marked swelling or contraction 
of the roots in this medium in the time necessary to make the determination. 
Water was quite unsuitable for this purpose, since the roots swell to a con- 
siderable degree in this medium. Knowing the volume of the roots and the 
mean diameter, the length was calculated, assuming them to be cylindrical 
and having a volume of mr?H. 

The method was confirmed by directly determining the length of a large 
number of fibrous roots, which were then weighed. A factor of length per 
gramme was determined, and from this the total length was calculated. This 
value agreed closely with that found by displacement of paraffin oil. 

The total length of the different classes of roots in the various zones was 
thus ascertained. 

The next procedure was to determine the density of root-hairs on the various 
classes of roots. The samples which were retained for this purpose were 
taken through the usual steps to absolute alcohol and thence to xylol and 
imbedded in paraffin wax. Sections of standard thickness (1/10 mm.) were 
cut by means of a hand microtome, three or four sections being taken of each 
root; about sixty roots of each class were sectioned. The number of root- 
hairs per section was determined, and mean values calculated for the four 
classes of roots. As has been stated, root-hair measurements were carried out 
on fresh roots to avoid the possibility of contraction in the imbedding process. 
If the system is young, and contains an appreciable number of white roots 
(the epidermis of which is, presumably, capable of absorbing) the white roots 
are separated and their length and mean diameter determined. 

The mean surface area of a root-hair was calculated from the determina- 
tions of length and diameter, and from the number of root-hairs per section, 
the root-hair surface per unit length for the different classes of roots was 
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obtained, and eventually, knowing the total length of the different classes of 
roots, the total root-hair surface of the system arrived at. The direct surface 
area of white roots may be added to this figure, if it is of any consequence. 

Thus the extent of the absorbing surface, which is an accurate measure- 
ment of the efficiency of the root system in absorption, was obtained. 


RESULTS 


The results given in all cases refer to the complete root system and not to the 
actual sector on which the work was carried out. For convenience, the root- 
hair counts for the different classes of roots in the three varieties investigated 
are given in Table I. 

It will be seen that there are considerable differences in the density of root- 
hairs in the three varieties (the figures in Table I refer to the number of root- 
hairs per 1/10 mm. length). These differences, naturally, will affect greatly 
the absorbing surface, as will be seen later. 

I. POF. 2878. In Table II the total length of the different classes of roots 
for each zone are given (lengths throughout in centimetres). 

It will be seen that the vast majority of the fibrous roots occur in the first 
foot of soil. In the case of the other classes of roots the total length below 
1 ft. is greater than that in the first foot. In the first foot of soil only one- 
eighth to one-ninth of the total length of fibrous roots occur in a circle of 
1 ft. radius, taking the centre of the stool as the centre of the circle. The 
greatest length of fibrous roots occurred between 3 and 4 ft. away from the 
stool, but fibrous roots are present in considerable numbers up to 6 ft. from 
the stool. 

The actual number of roots which were white and actively growing at the 
time of examination were estimated to be not more than about 3 to 5 per cent. 
of the total. The surface area of these would be of small significance com- 
pared to the surface area of the root-hairs given in Table ITI below. If, how- 
ever, the surface of the fibrous roots was capable of absorption, it would be of 
appreciable significance compared to the surface area of the root-hairs. The 
yellowish-brown, suberized appearance of most of the fibrous roots, however, 
suggests that their surface is not directly concerned in absorption. 

The total area of root-hairs on the various classes of roots is given in 
Table III. 

It will be seen that roughly 70 per cent. of the total root-hair surface is 
distributed in the first foot of soil. Below a depth of 2 ft. most of the root-hairs 
occur in the region o-2 ft. from the stool. Of the total root-hair surface borne 
on the fibrous roots, approximately 88 per cent. is distributed at a distance 
greater than 1 ft. from the centre of the stool. With regard to the increase in 
absorbing surface caused by the presence of root-hairs, the increase in this 
variety is about 3-2 fold in the case of the fibrous roots. This value is lower 
than that found by Nutman for coffee (8-6 fold), and by Schwarz for corn 
(6 fold) and peas (12 fold). It must be remembered, however, that the latter 
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worker obtained his figures on roots grown in moist air. Sugar-cane roots 
have an increase of 8-10 fold when grown in moist air; and very young white 
roots in the field, under favourable conditions, an increase of 6-8 fold, but the 
mean for all the fibrous roots, old and young, is only 3:2 fold. The actual 
concentrations of root-hair surface on each of the different classes of roots per 
unit volume of soil are given in Table IV (expressed in terms of the volume 
of soil in the first circle of 1 ft. radius to 1 ft. of depth, i.e. sq. cm. of root-hair 
surface per 7 cubic feet). 

As might be expected, the concentration of root-hair surface is greatest in 
close proximity to the stool, since, in passing outwards, the areas of the zones 
increase in the progression I, 3, 5, 7,9, 11, and 45 (this latter figure is obtained 
since the zone denoted as beyond 6 ft. was actually 6 to g ft.). 

Some indications of the degree of branching of the roots may be obtained 
from the figures representing the fibrous roots per cm. length of the roots 
included in classes II to IV. 


Length of Fibrous Roots per cm. Length of Roots in 
Classes II to IV Combined 


Depths: o-1ft. 1-2ft. 2-3ft. 3-4 ft. 4-5 ft. 5-6ft. (Mean all depths) 
Lengths: 1-892 O74. 10:45 26 etO257 5) O27 70 Ors 13 1°226 

These figures confirm in a quantitative manner the findings of qualitative - 
work with this variety, in which the greater degree of branching of roots in the 
surface soil, as compared to those lower down, has been noted. 

II. BH. ro (12). The stool of BH. 10 (12) examined compared very 
favourably with that of POJ. 2878 both as regards number and length of 
canes. In Table V the length of roots of the different classes for each zone 
are given. 

The most striking feature in these results is the much greater length of all 
the classes of roots in BH. 10 (12) as compared to POJ. 2878. The total 
length of roots of all types is 17-3 kilometres in BH. 10 (12) as compared to 
8-1 kilometres in POJ. 2878; while the difference in total length of fibrous 
roots (9°64 kilometres for BH. 10 (12), and 4:47 kilometres for POJ. 2878) is 
of a similar order. In BH. 10 (12), as in POJ. 2878, the greater portion of 
fibrous roots (roughly 75 per cent.) is located in the first foot of soil. In the 
first foot of soil only one-eighth of the total length of fibrous roots occurs 
within 1 ft. of the stool, this proportion being closely similar to that found in 
POJ. 2878. 

The root system of BH. 10 (12) under these conditions of growth (with no 
competition from adjacent stools) shows a marked superficial spread. Never- 
theless, in the deeper layers the system is situated in closer proximity to the 
stool than that of POJ. 2878, as is shown by a comparison of Tables II and V. 
The greatest length of fibrous roots also occurred between 2 and 3 ft. away 
from the stool, whereas in POJ. 2878 most fibrous roots were found in the 
zone 3 to 4 ft. from the stool. 
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In appearance the roots of BH. 10 (12) were older and darker in colour 
than those of POJ. 2878; this feature had also been noted in a previous 
examination of the mature root system of BH. 10 (12) (Evans, 1935). There 
were very few white roots in the system at the time of examination. The roots 
were in such an advanced stage of suberization that it is difficult to imagine 
any possibility of absorption directly through the surface of the roots. It is 
considered, therefore, that the root-hair surface is a fairly exact indication of 
the absorbing surface of the system. 

As will be seen from Table I, the density of root-hairs in BH. 10 (12) is 
considerably less than that in POJ. 2878 at the same age. This is particularly 
true of the fibrous roots, which are those chiefly concerned in absorption. 
The difference in the density of root-hairs in class IV in the first foot is due to 
a difference in the nature of these roots in the two varieties. In POJ. 2878 the 
roots referred to this class contained a considerable number of very thick 
superficial roots which were absent from the root system of BH. 10 (12), the 
class IV roots of the latter variety being almost all buttress roots. The 
dimensions of the root-hairs were also smaller in BH. 10 (12) than in POJ. 2878. 
There is, therefore, a great reduction in root-hair surface in BH. 10 (12) as 
compared to POJ. 2878, so that although the former variety has double the 
total length of roots of the latter variety, the root-hair surfate is not quite 
two-thirds as great. The values of root-hair surface in BH. 10 (12) are given 
in Table VI. 

In this variety also, over 70 per cent. of the root-hair surface is located 
in the first foot of soil. There is little doubt that the marked difference 
in the density of root-hairs in BH. 10 (12) and POJ. 2878 is associated 
with the difference in the development of the root system in the two 
varieties. 

As has been shown, root development in BH. 10 (12) is active in the early 
stages, and therefore in the absence of new shoot development very few new 
roots are formed. In POJ. 2878, on the other hand, root growth is very slow 
in the early stages, the development of the root system being much more 
gradual. At twelve months of age, or later, there is thus a greater proportion 
of young roots in the root system of POJ. 2878 than in that of BH. 10 (12), 
resulting in a higher average density of root-hairs on the various classes of 
roots. This difference in the development of the root system has been noted 
not only in root studies at Reduit but in the examinations of root systems on 
Phytalus-infested lands in different parts of Mauritius. Thus the root system 
of POJ. 2878 has a few new white roots showing at almost all times during the 
year, whereas after the first flush of growth BH. 10 (12) has very few new 
white roots for a considerable period. Jensen (1931) has also shown that the 
development of the root system of POJ. 2878 is much more gradual than that 
of most other varieties. The concentration of root-hair surface per unit 
volume of soil is given in Table VII. As in POJ. 2878, the concentration of 
root-hair surface per unit volume of soil is greatest near the stool, decreasing 
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outwards and downwards. Data on the length of fibrous roots per cm. length 
of the roots of classes II to IV are given below: 


Length of Fibrous Roots per cm. Length of Roots in 
Classes II to IV Combined 


Depths: o-1ft. 1-2ft. 2-3ft. 3-4ft. 4-5 ft. 5-6ft. Mean (all depths). 
Lengths: 1:237 13337 1'219 1'222 1°240 1°047 1253 


These data show very interesting differences in the degree of branching to 
form fibrous roots in the two varieties under consideration. The length of 
fibrous roots per unit length of the major root types (which is hereafter termed 
‘the fibrous root ratio’) is almost equal in the two varieties when the whole 
root system is considered. In POJ. 2878 the ratio for the first foot of soil is 
considerably higher than in BH. 10 (12). There is a marked decrease in the 
ratio in the deeper soil layers in POJ. 2878, but the ratio remains remarkably 
constant with depth in BH. 10 (12). 

It may be of interest to record here that fungal mycelia are often found in 
association with sugar-cane roots. In POJ. 2878 the hyphae have been ob- 
served penetrating the cortex of the fibrous roots. In BH. ro (12) hyphae 
penetrated the cortical tissues adjacent to the large internal air-chambers. In 
one particular instance spores were observed in these air-chambers. ‘The 
spores were dark brown to black in colour, the outer wall being prolonged 
into peculiar wart-like projections. The fungus has not been identified, but 
the spores bear some resemblance to those of Dicoccum asperum (Corda) Lind., 
isolated by the botanist and mycologist from the potato plant in 1927.’ The 
spores were observed in killed and fixed material, so that it was impossible 
to make cultures. The recording of hyphae and spores within intact roots of 
sugar-cane is interesting in view of Constantin’s belief that sugar-cane is a 
mycorrhizal plant. 

III. White Tanna. This variety, like the two varieties described above, had 
made good growth, the number of canes per stool being about equal in the 
three varieties. The length of cane, however, was considerably less, this 
feature being in accordance with the known performance of White Tanna in 
this locality. The length of roots of the different classes in the various zones 
are given in Table VIII. 

In the early stages of development White ‘Tanna had definitely more roots 
than either of the other two varieties investigated. By the time the plants were 
twelve months old, however, White Tanna occupied an intermediate position 
between POJ. 2878 and BH. ro (12), the latter having the greatest length of 
roots. Over 70 per cent. of the roots of White Tanna were in the first foot of 
soil, and 93°5 per cent. of the roots in the first two feet of soil. ‘The proportion 
of fibrous roots in the first foot of soil (about 75 per cent.) is about equal in the 
three varieties. It is only in close proximity to the stool that any roots 


1 Private correspondence with the Plant Pathologist, Department of Agriculture. 
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penetrating to depths of 4 ft. or more are found. These were in fact mainly 
rope systems (Evans, 1935). It is interesting to note that rope systems had not 
previously been observed in this variety. The maximum length of fibrous 
roots occurred in the zone 3-4 ft. from the stool, as in POJ. 2878. As was the 
case in POJ. 2878 and BH. 10 (12), the proportion of fibrous roots within r ft. 
of the centre of the stool is only about one-ninth of those outside this region. 
There were very few new white roots in the system at the time of examination, 
all the roots being yellow to dark brown or black in colour. It does not appear, 
therefore, that any appreciable direct absorption through the root surface (as 
distinct from root-hairs) is possible. 

As in the other varieties, so in White Tanna, it is the roots of group III that 
expose the greatest surface. It is not considered, however, that the direct 
surface is of great interest from the point of view of absorption, and attention 
will, therefore, be directed to the root-hair surface. The suggestion has been 
put forward above that the much lower density of root-hairs on the roots of 
BH. 10 (12), as compared to POJ. 2878 at twelve months of age, is associated 
with the earlier development of the former variety accompanied by a flush of 
root growth in the early stages, very few new roots being afterwards formed. 
If this suggestion is correct, the density of root-hairs in White Tanna should 
be even less than in BH. 10 (12), since the development of the root system is 
even earlier in White Tanna, the root system at six months of age comparing 
very favourably with the mature root system. This is, indeed, the case, as can 
be seen from Table I, where, for convenience, the root-hair counts are 
tabulated together. The total area of root-hair surface on the various classes 
of roots are given in Table IX. 

The total root-hair surface in White Tanna is only about one-eighth that of 
POJ. 2878 and one-fifth that of BH. 10 (12), when the varieties are twelve to 
fourteen months old. The age factor is important, for there is little doubt that 
in the early stages the root-hair surface of White Tanna was the highest. This 
result is obviously wholly dependent on the accuracy of the root-hair counts. 
In addition to the very large samples taken, separate unnamed samples of 
fibrous roots were given to an independent observer, who obtained similar 
results. ‘There is, therefore, a very marked difference between the three 
varieties in the absorbing surface at twelve to fourteen months of age.. In fact, 
the extent of the absorbing surface bears no relation to the number and length 
of roots at this age. It is possible that in very young root systems, where all 
the roots present bear their maximum number of root-hairs, the number 
and length of roots would give a close indication of the absorbing capacity, 
but owing to differential development this does not hold for older root 
systems. It is considered that these results are of paramount importance for 
the future conduct of root studies. In Table X the values of the concentra- 
tion of root-hair surface per unit volume of soil are given (sq. cm. per 7 
cubic feet). 

The concentration of absorbing surface in White ‘Tanna, as in the other 
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varieties investigated, is highest in close proximity to the stool. The fibrous 
root ratio of White Tanna at different depths is given below: 


Length of Fibrous Roots per cm. length of Roots in 


Classes II to IV combined 
Depths: o-1ft. 1-2ft. 2-3ft. 3-4ft. 4-5 ft. 5-6ft. (Mean all depths). 
Lengths: 1°54 1°29 1°88 1°84. 1°80 1°49 1‘50 


These figures confirm the qualitative observation made in earlier studies 
that branching is more prolific in White Tanna than in the other two varieties 
investigated. White Tanna and BH. 10 (12) differ from POJ. 2878 in that 
there appears to be no decrease in the fibrous root ratio with depth in the 
former varieties, whereas in the latter there is a marked decrease. 


DIscussION OF RESULTS 


Previous investigations (Evans, 1936) had shown that the three important 
commercial varieties POJ. 2878, BH. 10 (12), and White Tanna differed 
markedly in the early growth of their root systems. White Tanna showed pre- 
cocious root development, whereas in POJ. 2878 root growth in the early 
stages was remarkably slow, BH. 10 (12) approximating more to White ‘Tanna 
than to POJ. 2878. In the present investigation great differences in the total 
absorbing surface have been established, there being no relationship between 
the absorbing surface and the total length (or weight) of roots at the time of 
examination. In this connexion it is interesting to note that Wilson (1936) 
states that Farr points out that an increase in the superficial area of roots does 

“not necessarily carry with it a proportionate increase in the power of absorp- 
tion. Substances which tend to pass into the root-hair, whether they be water 
or mineral salts, must all pass across the base of the hair, and ultimately, of 
course, across the endodermis. Thus, there will be two independent limiting 
factors, the area of the hair base and the endodermis. Any increase in the 
absorbing surface can only be of value when these factors are not limiting, i.e. 
under conditions of relative deficiency of the substances absorbed. Scott and 
Priestley (1928) have also put forward the theory that absorption of water and 
of salts are two separate processes. ‘Thus the external factors could be limiting 
the absorption of salts, but not of water. Measurements of the absorbing 
surface do, however, convey some impression of the capacity of the plant in 
this direction. Particularly is this true in the case of sugar-cane in Mauritius. 

It is almost a normal occurrence for the cane to be subjected to periods of 
drought of varying duration, and in those districts where moisture is seldom 
limiting, the soil is generally very poor and deficient in the more important 
mineral substances. 

Even in several districts where the conditions are otherwise good, the cane 
is subjected to the depredations of the root-eating larvae of Phytalus. For most 
of these districts it 1s considered that a large absorbing surface is an attribute 
of considerable importance in a cane variety. It appears probable that the 
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resistance of a variety to drought or to Phytalus is connected with the extent 
of the absorbing surface at the time of incidence of drought, or feeding of the 
larvae, respectively. For any specified set of conditions there must be a limit- 
ing value of absorbing surface necessary to keep the cane plant supplied with 
sufficient water to maintain its existence. Under Phytalus conditions it is 
conceivable that one variety might reach this critical limit when, say, one-half 
of its total roots had been devoured, whereas another variety might lose three- 
quarters of its total roots before reaching the limit. The remarkable fact that 
POJ. 2878, with a total root length of only 54 per cent. of that of White Tanna, 
has, at this age, an absorbing system over eight times as extensive, is a case in 
point. Survival would depend on the extent of the absorbing surface which is 
left unharmed by the Phytalus. The results presented here, are, in fact, in 
complete accordance with the known behaviour of the three varieties under 
conditions of heavy Phytalus infestation. i 

With regard to the causes of the large differences in the absorbing surface 
at this age it appears probable that a major factor is a difference in the cycle or 
periodicity of growth. It is difficult to imagine that similar differences existed 
at other and earlier stages in the life-history of the plants. It appears from the 
investigations of root distribution that in very young plants, White Tanna had 
probably the largest absorbing surface. Root development in White Tanna 
was early and vigorous, and in the absence of tillering no new roots could be 
formed. Most of the roots had thus passed their period of maximum efficiency. 
In POJ. 2878, on the other hand, root development was slow in the early 
stages, so that at maturity there was a considerably greater proportion of 
younger roots. The capacity to form late tillers is also undoubtedly an ad- 
vantage in maintaining an effective absorbing surface. BH. 10 (12) was inter- 
mediate between the two other varieties in the development of its absorbing 
surface. 

Other work, however, indicates that there may be a difference in the root- 
hair density in different varieties, which is unconnected with differences in the 
periodicity of growth. 

It is considered that the absence of any relationship between root weights, 
or lengths, and the extent of the absorbing surface, at least at certain periods 
in the life-history of the plants, is a consideration which is of paramount 
importance in the future conduct of root investigations. 


SUMMARY 


1. A method of determining the absorbing surface of sugar-cane root 
systems is described. 

2. The results of the determination of the absorbing surface of the root 
systems of three important commercial varieties, viz. POJ. 2878, BH. 10 (12), 
and White Tanna, on one soil type are given. 

3. It has been established that for these varieties at twelve to fourteen 
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months old there is no relationship whatsoever between the total length (or 
weight) of all roots and the extent of the absorbing surface. 

4. The importance of the absorbing surface in the selection of canes re- 
sistant to drought and to Phytalus infestation is discussed. 
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1. INTRODUCTION 


HE work on the nutritional responses of the barley plant, which has 
been in progress in this laboratory for a number of years, has now 
reached a stage when further progress in the study of carbohydrate meta- 
bolism requires an extension to estimations of carbohydrates in parts of the 
plant other than the leaves. In addition the desirability of an attempt to 
construct a complete carbohydrate balance sheet has become apparent. 
With the object of defining more closely the problems involved in con- 
structing such a balance sheet a rough analysis of a large sample of barley 
leaves was made, with the following result: Percentage of the dry weight 
soluble in ether 10, in 95 per cent. alcohol 26-5, in cold water 18-0, leaving 
a balance insoluble in these solvents of 45:5. From determinations of total 
nitrogen in the extracts it was estimated that 3 per cent. (of the dry weight) 
of nitrogenous substances occurred in the alcohol and water extracts, and 
about 15 per cent. in the insoluble fraction, while sucrose, fructose, and glu- 
cose accounted for 12 per cent. in the soluble fraction, and mineral con- 
stituents for 10 per cent. The residual insoluble material was presumably 
cellulose and ‘hemicelluloses’, while the residual soluble material, 20 per 
cent. of the dry weight, remained undefined. It will include yellow pigments 
and water-soluble ‘hemicelluloses’. Since it seemed improbablethat so large a 
percentage of the dry weight would occur in these forms, a further analysis 
[Annals of Botany, N.S. Vol. II, No. 5, January 1938.} 
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of the water-soluble fraction was attempted, and resulted in the isolation of 
a fructosan accounting for about half the undefined fraction in the sample 
analysed. The details of this isolation have been described by Archbold and 
Barter (1935). 

The existence of fructosans in the unripe grains and stems of barley plants 
was recorded many years ago, and they are generally regarded as secondary 
condensation products rather than as primary assimilates, since the opinion 
was held that they did not occur in the leaves (Colin and Belval, 1922). The 
present isolation from leaves, therefore, reopens the question of the signifi- 
cance of these compounds in the carbohydrate metabolism, and the conditions 
under which they are formed. Attention has therefore been focused at this 
stage of the inquiry on this aspect of the carbohydrate problem. 

The present paper, which is divided into two parts, deals with the deter- 
mination of sugars, including fructosans, in the leaves, stems, and ears of the 
barley plant. At the same time bearing in mind the ultimate aim of con- 
structing a carbohydrate balance sheet, routine determinations have been 
carried out of the fresh weight, dry weight, and water-insoluble fraction of 
all the samples analysed. In this first survey of the fructosan distribution, 
the experimental plants were grown in soil and no attempt was therefore 
made to include the roots in the analyses. Some preliminary analyses of 
whole plants grown in sand culture, and including the roots have recently 
been made by Russell (1937), and it is hoped to extend this method of investi- 
gation further. 

In Part 1 of the present paper the collection of material and the analytical 
methods used are described, and in Part 2 the seasonal drift of carbohydrate 
is discussed, together with some observations on the effect of defoliation and 
of removal of the ears, on the distribution of sugars in the stems. Some re- 
sults dealing with the effect of nitrogen deficiency on the fructosan content 
are also presented. 


2. COLLECTION OF MATERIAL 


The barley used was that employed in previous investigations in this Insti- 
tute, namely, a pure line var. Plumage Archer. The plants were grown in 
soil in the open, during the two summers of 1935 and 1936 at Rothamsted 
Experimental Station. In 1935 the plot received a dressing of nitrate at the 
time of emergence of the third leaf, which resulted in the plants making pro- 
lific vegetative growth, producing the large dark green leaves associated with 
heavy nitrogen manuring. 

The 1935 experiment was designed to study the seasonal changes in the 
fructosan content of the leaves and stems, but little fructosan appeared in 
the leaves at any time, and rather unexpectedly small amounts even in the 
stems. Attention was thus drawn to the possibility of a marked nutritional 
effect on fructosan formation, in view of the rather large amount of nitrogen 
added to the plot. 
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The leaf samples from which fructosans had previously been isolated were 
grown with additions of K and P only at the Imperial College Field Station 
at Slough in the summer of 1933. When it became evident that the fructosans 
were largely absent from the Rothamsted samples of 1935, the opportunity 
was taken to collect samples of plants from Slough grown under different 
manurial treatments. A distinct relationship between nitrogen deficiency and 
fructosan content was found, and in consequence no further nitrogen was 
added to the Rothamsted plot in 1936. As a result a greatly increased fruc- 
tosan content was observed in this season. The relationship between nitrogen 
manuring and fructosans was further confirmed by an experiment with 
plants grown in sand at Rothamsted in 1937 (see Part 2). 

In 1936 the scope of the experiment was extended to include not only the 
seasonal drift in sugar, but the distribution of sugars in the different inter- 
nodes of the stem, and the effect of defoliation and ear removal. These latter 
conditions were chosen as a means of producing either accumulation or star- 
vation of carbohydrate in the stems (and leaves), other than that resulting 
from variation in the external nutrient supply. 

In 1935 the plants were sown at the end of March and collections begun 
on April 29 when the third leaves were emerging. At this stage the plot was 
thinned, leaving about one plant every 4 in., so that the plot consisted of 
12 rows of 40 plants each. Duplicate samples were collected at intervals of 
approximately a week, each sample being made up of twenty plants. The 
samples were selected at random by drawing numbers, all the numbers being 
drawn before the experiment started, and the appropriate plants were selected 
by counting along the rows. In 1936 the plants were sown early in April, 
and after thinning the plot as above, collections of duplicate samples of ten 
plants were made, at first at weekly intervals, and later every two or three 
days, until the last leaf had emerged. The remaining plants were then pruned 
so that only four to six tillers remained, in order to reduce the labour involved 
in removing the ears. They were then divided into three groups, again by 
drawing numbers, from one of which the leaves were removed at the junction 
of the blade and leaf sheath, and from a second the ears were removed by 
making a small slit in the sheath and withdrawing the ear and peduncle after 
detaching at the junction with the main stem. The third group served as 
controls. Collections were continued every two or three days until the end 
of July. 

The pruning resulted in the appearance of new tillers within a few days. 
The growth of new tillers was very pronounced in the plants from which the 
ears had been removed and least in the defoliated plants. On removal of 
these tillers, renewed shooting occurred for about ten days in the defoliated 
plants, and till the end of the experiment (July 27, 1936) in the other two 
groups. These new tillers were removed at the time of each collection from 
all the remaining plants. 

The material collected from Slough in 1935 consisted of plants grown in 
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soil on plots which had received applications of N, P, and K singly and in 
combination, and also unmanured controls. Each treatment had been repli- 
cated in six randomized blocks and the samples were made up of seven plants 
collected at random from each of the six plots, making forty-two in 
all. Duplicate samples were taken for each treatment on three occasions. 
The sand culture experiment consisted of twenty-five pots each containing 
three plants. These pots received a third of the nitrogen given to the appro- 
priate controls. The manures given, in grammes per pot, were as follows: 
Controls NaNO, 9:1, Na,HPO,12H,O 2°52, K,SO, 1-85, MgSO, 7H,O 1:25, 
CaCl, 6H,O 0:37. Nitrogen deficient NaNO; 3-03, Na,SO,10H,O 11-5, and 
other salts as in controls. Duplicate samples of nine plants each were gathered 
by random selection on each of three occasions, the first being taken at the 
emergence of the ninth leaf. 

All the collections were timed to begin at 10 a.m., and immediately after 
gathering the main stems (in 1936 the main stems and first tillers) were separ- 
ated from the rest of the plant and after cutting off the roots the whole 
sample of main stems was weighed. Leaves were then detached at the junc- 
tion of the blade and sheath, and ears at the junction with the peduncle. In 
the earlier samples a slit was made in the sheath to facilitate removal of the 
ear. The fresh weights of leaves, stems, and ears were separately determined, 
and each part then cut up into lengths of half an inch or less. After thoroughly 
mixing the cut material, aliquots were weighed out for the determination of 
dry weight (10 gm.) and sugars (10 to 20 gm.). The dry weight estimations 
were carried out by drying at 50° C. overnight, the low temperature being 
used to avoid fructose destruction. Samples for sugar analysis were pre- 
served in alcohol till required. After extraction of the sugars with water (see 
p. 187) the residual material was dried at 100° C. and weighed, giving a 
measure of the material insoluble in alcohol and water. 


3. ESTIMATION OF SUGARS 
A. Preparation of plant extracts for sugar analysis. 

The inclusion of fructosans in the estimates of soluble sugars necessitates 
some modification of the accepted technique employing alcoholic extraction. 
Fructosans are readily soluble in cold water, but insoluble in 80 per cent. 
alcohol, and are consequently only partially extracted at the concentration 
(75 to 80 per cent.) generally used for sugar extraction. A cold water extrac- 
tion which will include all the sugars therefore becomes necessary. In order 
to avoid following alcohol treatment with cold water extraction the possibility 
of drying the material, and employing a single water extraction was con- 
sidered. Apart, however, from the absence of facilities for the immediate 
transference of fresh material to an adequate drying oven, it was found that 
if the conditions of drying were sufficiently rapid to avoid hydrolytic changes, 
there was little or no destruction of the enzymes themselves. Consequently 
hydrolysis of sugar occurred during the subsequent water extraction of the 
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dried material, and could only be completely prevented by a preliminary 
boiling with alcohol. Since treatment with alcohol was therefore essential the 
fresh material was preserved in alcohol in the usual way. Instead of con- 
tinuing the alcoholic extraction, however, the alcohol was poured off and the 
plant material washed free from alcohol by shaking with several additions of 
water. Sufficient water was then added to cover the material and the whole 
shaken in a mechanical shaker for four hours. The resulting water extract 
was transferred to a graduated flask, to which the residue of the alcoholic 
extract and washings were added after the alcohol had been removed by dis- 
tillation under reduced pressure. The residual material was then washed by 
vigorous shakings with small additions of water and decantation of the wash- 
ings into the flask, until the required volume was nearly attained. The liquid 
was finally made up to volume and preserved in a stoppered bottle with a 
little toluene. Some emulsification of the fats, &c., extracted by the alcohol 
occurs during the transference to water and the solutions obtained were 
always opaque. 

As a rule 10 to 20 gm. of fresh material were used for each sample, and the 
final volume of the extract was made up to 250 or 500 c.c. If smaller amounts 
only were available, the final volume was adjusted so that the total sugar 
concentration was about o-15 per cent. If the fresh weight available is too 
small, the difficulties of manipulation are somewhat increased by the limita- 
tion of the water available for washing the residual tissue. The completeness 
of the extraction was tested by drying the residual material, and re-extracting 
with water after grinding in a Wiley micro mill. Some results of such re- 
extractions are shown in Table I. Fermentation tests were made on the 
second extracts, and showed that 0-03 to 0-07 per cent. (of the fresh weight) 
of the reducing power was due to non-fermentable substances. 

The extraction technique was thus adequate for leaves and young stems, 
but rather large errors appeared possible in the older more woody stems. 
To overcome this difficulty Russell (1937) has designed a mill for grinding 
the wet tissue, which is specially adapted for quantitative work, and is now 
in use in this laboratory. 


B. Methods of analysis used. 

(a) Reducing sugars. 'The determination of reducing power has been carried 
out by the Harding and Downs (1933) copper reduction method, and separate 
estimates of fructose made after oxidation of the glucose by hypoiodite, as 
suggested by Kolthoff. The details of the method followed are those described 
by van der Plank (1936), to whose paper reference should be made. 

The application of these methods to barley extracts has led to difficulties 
not encountered in the mangold leaf extracts used by van der Plank, and 
serves to emphasize once more the necessity for carefully testing any proce- 
dure for sugar estimation on each new plant extract to which it may be 


applied. 
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In the determination of sugars in plant extracts by means of their reducing 
power two sources of error may arise: (1) There may be present reducing 
substances other than sugar. (2) The reducing power of sugars towards the 
reagent used may be affected by the presence of plant constituents not them- 
selves reducing agents. The efficiency of clarification with basic lead acetates, 


TABLE | 
Total Sugar Content of Water Extracts of Leaves and Stems of Barley 


1st extract. Fresh material cut by hand and extracted with cold water after preliminary 
alcohol treatment (see text). : : : 
2nd extract. Residue from 1st extract, dried, milled, and re-extracted with cold water. © 
Results expressed as percentage of the fresh weight 
Non-fermentable 


Leaves. Ist extract. 2nd extract. reducing power. 
Sample 1 1°73 0-09 
5 2 1°38 0°08 
ne 3 1°62 0°04 
Stems. For all samples. 
Sample 1 (young) 1°35 0°02 0:03 to 0:07 
” 2 ” 2°19 0°04. 
spe 3 2°65 O15 
» 4 (old) 7-68 I‘I0 
” 5» 8°74 125 


and with charcoal, and of the use of yeast in overcoming these errors is dis- 
cussed in detail in van der Plank’s paper. Asa result of his investigation the 
aqueous extracts of barley leaves and stems were clarified with dibasic lead 
acetate, using disodium hydrogen phosphate to remove excess lead exactly 
as described by him, and also treated with charcoal, and with baker’s yeast. 
From the changes in free reducing power observed after the several treat- 
ments it was concluded that both types of interference with the sugar esti- 
mates occurred in the unclarified extracts. Some examples of these estimates 
of free reducing power are shown in Table II. 

The presence of reducing substances other than sugar is shown by the 
reducing power observed after fermentation (columns 2a, 2b, 2c, Table II). 
This residual reducing power is considerably diminished but not eliminated 
by clarification with either lead or charcoal, and is usually much lower in 
stem extracts than in leaf extracts. There is a tendency for it to increase as 
the plant ages, and in mature and woody parts of the stem the values rise 
to about 0-25 per cent., as high as those found in the leaves. The lowering of 
reducing power by the presence of substances not themselves reducing is 
evident from a comparison of the values obtained after charcoal clarification 
with those in the uncleared solutions (columns 3a and 3c, Table II). In the 
leaves there is a total loss of reducing power of 5 per cent. after treatment 
(columns 1a and 1c, Table II), but if allowance is made for the change 
in the non-fermentable reducing power, the reducing power due to sugar 
is found to increase by 6-3 per cent. In the stems, where ‘interference’ is 
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apparently less, there is a small increase (3-0 per cent.) in the total free re- 
ducing power, and consequently a slightly larger increase in that due to sugar 
(about 7 per cent.). 
Tase IT 
The Copper Reducing Power of Aqueous Extracts of Leaves and Stems of Barley 
before and after Clarification with Dibasic Lead Acetate and with Charcoal. 
All results expressed as percentage of the fresh weight. 


1. Before fermentation. 2. After fermentation. 3. Differences (1-2). 


LE De eS 
Cleared Cleared Cleared 
: with with with with with with 
Un- lead. char- Un- lead. char- Un- lead. char- 
Date. cleared. coal. cleared. coal. cleared. coal 
a b c a b c a b c 
Leaves 
4/6/35 053 046 049 O12 0109 0:04 O41 0:37 0°45 
18/6/35 0°55 O'51 0°55 O12 o08 007 0°43 0°43 0-48 
26/6/35 084 077 42082 o15 O14 O09 O69 0:63 0'73 
3/7/35 085 068 080 o19 o1r0 o12 066 o58 0:68 
10/7/35 0:96 0:72 0°94 O20 °&4O'1I 008 076 8 o-61 0°86 
24/7/35 1-06 084 0:98 O22 7Octa 0-16 0°83 o-71 0°82, 
Mean 080 6066060 0-76 o'rZ, SOIT. = 0'09—s«0°63s #055067 
% increase 
or decrease 
over SS SLE SG — == — Sie) APOE: 
uncleared 
value. 
Stems 
18/6/35 0-77 0.55 O70 005 O03" 0103 O17 2002 8 O70 
26/6/35 °'79 0:82 0°83 0°04 0:03 0:02 0-75 0-79 0-81 
3/7/35 1°20 GaP re2T T3q0e MOET! 50°05) W002 TET LS -160) ox-35 
17/7/35 ESssee 1OSig NIST PPO OSiiy C:O7ehO040 oI75e 1:88. ahs 
24/7/35 PAO mmEr 29 60°31 O'LOn VOLS s  O'ORE T'20! ee 125 1:26 
Mean 1°20 1°24 1:23 008 =60'06S 0103 Tez 1-18 1:20 
% increase 
or decrease 
over — +433 +2°5 = a — wy FprStS hk 2Es 
uncleared 
value. 


It has frequently been noted that if charcoal is added to plant extracts there 
is a preferential adsorption of substances other than sugar, and consequently 
a smaller loss of sugar is found than if pure sugar solutions are similarly 
treated. The amount of charcoal used in these tests (200 mg. to 25 ml. of 
a solution containing the extract from 4 gm. of fresh weight per 100 ml.) 
was found by trial to be the minimum amount required to give a water clear 
extract on filtration after standing, with frequent shaking, for an hour. In 
some leaf extracts the filtrate was still somewhat coloured after treatment. 
Losses of reducing sugar are considered to be negligible after this treatment, 
since in the stem extracts there is no change in the fructose content and it is 
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known that charcoal application results in losses of fructose rather than glu- 
cose. A correction for any small losses of reducing sugar would of course 
increase the observed difference on clarification. 

Clarification with dibasic lead acetate results in a fall in reducing power in 
the leaf extracts and a slight rise in the stem extracts, and it was found that in 
the leaf extracts this loss is entirely one of fructose and is similar to that found 
by van der Plank in the mangold. In the stem extracts the amount of lead 
which must be added before the point of maximum precipitation is reached 
is about half that required in the leaves and no loss of fructose occurs. Conse- 
quently the small increase in reducing power is not masked by fructose loss 
and the values obtained by lead and charcoal clarification are in good agree- 
ment. That these increases in reducing power as compared with the values 
obtained in the uncleared solutions are significant has been shown by the 
application of the ‘?’ test to the differences between the observations. For 
the leaves ‘’ = 2°75 (5% point 2°57) and for the stems ‘t’ = 3-9 (2% 
point 3°74). 

In Table III are shown the separate estimates of glucose carried out under 
the same conditions as the free reducing sugar estimates discussed above. 
The values obtained after lead and charcoal clarification are in good agree- 
ment in both stems and leaves and in both cases are higher than the estimates 
in the uncleared solutions; moreover, the increase is greater than the amounts 
observed for the total free reducing power. In addition, therefore, to the 
increase in reducing power on clearing there is also a relative increase in 
glucose as compared with fructose, and a consequent decrease in fructose. 
In the leaves where the percentage of free reducing sugars is very small, this 
increase is as much as 57 per cent. of the value found in the uncleared solution, 
and in the stems about 15 percent. The reason for this apparent underesti- 
mation of free glucose in uncleared solutions is not clear, and in the present 
work all solutions have been cleared with charcoal to overcome the difficulty. 
Two possibilities present themselves: first, owing to the large amount of 
iodine absorbed by leaf constituents other than glucose there may be incom- 
plete oxidation of glucose, although an excess of iodine equal to the amount 
absorbed was always maintained; second, the production of reducing sub- 
stances by alkaline hydrolysis, during the oxidation process, which would 
tend to over-estimate the fructose. With regard to the first possibility it was 
found that in the leaf extracts the amount of iodine absorbed was seven times 
as great, and in the stem extracts. three times as great as that required for the 
glucose itself (compared with only 14 times as great in the mangold (van der 
Plank, 1936)). ‘There is some evidence that the uptake of iodine by these 
other substances is not complete in the time recommended for glucose oxi- 
dation in their absence. Competition for iodine may therefore result in the 
estimates of glucose being too low. 

Some confirmation of the correctness of the glucose estimates made in the 
cleared solutions was obtained by making direct estimates of glucose by 
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hypoiodite. Van der Plank has suggested that since hypoiodite oxidizes many 
plant substances other than glucose its action may conveniently be used to 
test the efficacy of any chosen clarification process, agreement between the 


TaBLe III 


Estimates of Glucose in Aqueous Extracts of Leaves and Stems of Barley before 
and after Clarification 


All results expressed as percentage of fresh weight 


I. Including non-fermentable 2. Excluding non-fermentable 
reducing substances. reducing substances. 


OF 
Cleared Cleared Cleared Cleared 


with with with with 
Date. Uncleared. lead. charcoal. Uncleared. lead. charcoal. 
a atl: % a b c 
Leaves 

4/6/35 . . 0°25 0-31 0°33 0°13 0:22 0:29 
18/6/35 é : o'18 0°30 o-731 0:06 0:22 0°24 
26/6/35 5 : 0-40 0°50 0°47 0°25 0°36 0°38 
3/7/35 . : O-41 0°45 0-47 0°22 0°35 0°35 
10/7/35 : . 0°49 0°52 0°49 0°29 O-41 O'4I 
24/7/35 : = 0°54 0°55 0°54 O-31 0°42 0°38 
Mean c : 0°38 0°44 0°43 O'21 0°33 0°34 

% increase on clearing — +13°6 +13°1 — +57 — 

Stems 

18/6/35 . . 0°45 0°53 0°49 0:40 050 0°46 
26/6/35 . . 0-48 0°50 0°47 0°44 0°47 0°45 
5/7/35 . . 0°73 0-77 0°76 0-62 0°72 0°74 
17/7/35 . . 0°83 0-99 0-90 0°75 0°92 0°86 
24/7/35 . ; 0°58 0°65 0°58 0:48 0°52 0°53 
Mean . . : 0-61 0-69 0-64 0°54 0°62 0-61 

% increase onclearing — +13°1 +4°9 — +15 — 


The figures in cols. 2 a, b, c are obtained by subtracting the values of Table I 
cols. 2 a, b, c from the values in cols. 1 a, b, c above, since there is no evidence of 
‘apparent’ fructose in the non-fermentable fraction. 


estimates of glucose obtained by means of hypoiodite and by a copper re- 
agent being taken as an indication that interfering substances have been 
removed. In the mangold extracts examined by him such agreement was 
obtained after clarification with dibasic lead acetate; in the barley extracts, 
however, this was not the case. After treatment with lead the hypoiodite 
estimates were still three times greater in the leaves and one and a half times 
greater in the stems, than the copper estimates. Clarification was carried 
out in solutions containing about o-15 per cent. of total sugar, this being a 
convenient dilution for the preparation of extracts in routine work. The 
discrepancy between the results was slightly lessened by clearing in more 
concentrated solutions (1 per cent.) (see also van der Plank, 1936), but by 
no means eliminated. Recourse was therefore made to estimates of glucose 
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as the difference between the apparent glucose values before and after fer- 
mentation with baker’s yeast. Some results are given in Table IV, where it will 
be seen that the bulk of the iodine-absorbing substances remain unaffected by 
the yeast treatment. If these estimates of glucose are compared with those in 


TABLE IV 


Estimates of Glucose in Aqueous Extracts of Leaves and Stems of Barley before 
and after Clarification by means of Hypotodite 


All results expressed as percentage of fresh weight 


1, Before fermentation. 2. After fermentation. Differences 1-2. 
Cleared Cleared Cleared 
Date. Uncleared. lead. Uncleared. lead. Un cleared. lead. 
a b a b a b 
Leaves 
3/7/35 : 2°86 1°46 2°44 I'll 0-42 0°35 
10/7/35 : 3°30 1°80 2°90 137 0-40 0°43 
24/7/35  - 2°75 118 2°42 0°83 0°33 0°35 
Stems 
26/6/35 ; 0°95 I-Il 0°57 0-73 0-40 0:38 
3/7/35 : IOI 0°78 0°31 Or! 0°70 0:77 
10/7/35 . 1°38 1°24 0°63 0°52 0°75 0-72 
24/7/35 . 1°24 0°89 o-71 0°57 0°53 0°32 


Table III (columns 2a and 28) it is found that the values are now of the same 
order and in some cases in close agreement. No very great accuracy can be 
claimed for the hypoiodite estimates, for the following reasons. Glucose 
can only be determined as a small difference between two large values of 
‘apparent’ glucose, and further small differences in titration make rather 
large differences in the apparent glucose, since the ‘thiosulphate factor’ for the 
hypoiodite method is only 1-11 ml. per mg. of glucose as compared with 
4:4 ml. for the copper reagent. In addition in making replicate determina- 
tions large variations were occasionally encountered possibly due to the in- 
complete absorption of iodine in the time used. ‘Taking into consideration 
these facts it is concluded that the agreement between the two estimates of 
glucose is sufficiently good to accept estimates by the copper reagent after 
clarification as reasonably correct, when allowance is made for the non- 
fermentable fraction. It would also appear that little or no interfering re- 
action occurs between yeast and the extracts, since it is unlikely that such a 
reaction would affect the two estimates of glucose equally. 

For routine work charcoal clarification appears to offer the simplest method 
of preparing the barley extracts for reducing sugar determinations. It must, 
however, be emphasized that this method cannot at present be recommended 
for general use, and careful trials are necessary before it can be used with 
confidence. In the present instance the substances interfering with the esti- 
mations are quickly and easily removed by charcoal without loss of reducing 
sugar, and the correctness of the estimates can be checked by comparison 
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with the values obtained by lead clarification and by fermentation tests. An 
average value for the non-fermentable reducing power is satisfactory for 
most work, since the amount is small after charcoal treatment and not subject 
to much change. The additional labour of large numbers of fermentations’ 
can thus usually to be avoided. 

(5) Total sugars. Total sugars have been estimated after acid hydrolysis 
and include any fructosan present. Hydrolysis was effected by heating in a 
boiling-water bath for ten minutes with N/5 H,SO,, conditions which are 
known to complete the hydrolysis of fructosan and avoid destruction of 
fructose (see Archbold and Barter, 1935). 

Charcoal clarification is unsuitable when total sugars are to be determined, 
since it is impossible to avoid adsorption of sucrose and probably also of 
fructosan. Moreover, comparison of results obtained before and after lead 
clarification show that satisfactory estimates of total sugar can be made in 
the unclarified extracts. The effect of lead clarification is similar to that 
already noted in the case of reducing sugars, namely, a loss of total sugar but 
a rise in total glucose in the leaf extracts, and a rise in total sugar as well as 
in total glucose in the stem extracts. The rise in total glucose in the leaf 
extracts has the same absolute value as for the free glucose (o-11 gm. of 
which 0:07 is due to underestimation relative to fructose), while the increase 
in glucose on hydrolysis is the same in the uncleared and cleared extracts. 
The decrease in fructose is a little higher than that in free fructose owing to 
partial removal of fructosan. It is concluded, therefore, that the underesti- 
mation of total sugar in uncleared extracts is of the same magnitude as that 
of reducing sugar; as a percentage of the total this amount is only 2 per cent. 
and can be neglected. 

In the stem extracts there is no change in the total fructose values on 
clearing, and consequently no removal of fructosan, and the increases of both 
fructose and glucose after hydrolysis are the same in the uncleared and 
cleared extracts. ‘The underestimation of total sugar in the uncleared ex- 
tracts, which falls entirely on the glucose fraction, amounts to about 8 per 
cent. of the total sugar. The estimates of total sugar, and of the increases in 
glucose and fructose on hydrolysis of the same leaf extracts as were used for 
the reducing sugar determinations of Tables II, III, and IV are given in 
Table V. The differences in the increases before and after clarification have 
been tested for significance by the ‘?’ test, and the fall in the fructose value 
in the leaf extracts after clearing is alone significant. The fall in total sugar 
in the leaf extracts, due to fructose loss, and the rise in total sugar in the 
stem extracts due to removal of interfering substances, are also significant. 

In the present investigation the increase in reducing sugars on hydrolysis 
has been determined in the uncleared extracts, and by adding to this the 
estimates of free reducing sugars obtained after charcoal clarification, the 
value for total sugar is derived. Due allowance has been made for the non- 
fermentable reducing substances. In some experiments the determination 

966,5 O 


194  Archbold—Physiological Studies in Plant Nutrition. VII 


of reducing sugars in the uncleared extracts was omitted in order to lessen 
the labour of routine estimations. This omission leads to errors up to 10 
per cent. in the estimates of the increases of glucose and fructose on hydro- 
lysis, glucose increase being underestimated and fructose increase over- 
estimated. For many purposes this degree of accuracy is sufficient. 


TABLE V 


Total Sugar Contents of Aqueous Extracts of Leaves and Stems of Barley, and 
the Increase in Glucose and Fructose on Hydrolysis with N/5 H,SO,, before and 
after Clarification with Dibasic Lead Acetate 
All results expressed as percentage of fresh weight 


Increase in 


Total sugar. Glucose. Fructose. 
Date. Uncleared. Cleared. Uncleared. Cleared. Uncleared. Cleared. 

Leaves 
4/6/35 . 1°94 iy fay 0:68 0-79 085 2°61 
18/6/35 : 1°88 1-61 O's 0-48 0'94 2°70 
26/6/35 3 2°16 2°04 0:78 0°70 0-69 o-7I 
3/7/35 1°93 L777 0°68 0°64 0°59 0°55 
10/7/35 : 3:00 2°65 1:08 1°18 116 0°86 
24/7/35 : 2°95 2°13 1-02 o-91 I‘Io 0°93 
Mean . : 2°36 2:00 0:79 0°78 0°89 0°73 

Stems 
18/6/35 : 2°12 2°24 0°40 0°46 I-ol 0:96 
26/6/35 : 1°16 Ils Ol! O13 0°30 0°23 
3/7/35 C 1-67 1-97 O17 0°32 O31 O47 
10/7/35 . 2°75 2°99 0°38 0°44 0-62 0°67 
24/7/35 2°44 2°53 0-44 0°39 0-80 089 
Mean . : 202 2°18 0°30 0°35 0-61 0°64 


The figures for total sugar are obtained by subtracting the values for non-ferment- 
able reducing power in Table II, columns 2a and 2b, from the total reducing power 
after acid hydrolysis. 

In the extracts from early leaves (first, second, and third) where the amounts 
of free reducing sugar are only of the order of o-1 per cent. of the fresh 
weight, satisfactory replication of reducing sugar values could not be ob- 
tained in uncleared solutions, and in addition the values for free fructose 
only were in some cases higher than those for the whole free reducing sugar. 
There has been no opportunity as yet to examine the possible reasons why 
hypoiodite treatment should remove or diminish the interference with copper 
reduction in these solutions, and so the reducing sugar values obtained after 
charcoal clarification have for the present been assumed to be approximately 
correct. It has, however, frequently been noticed that in the extracts from 
these early leaves a small reliberation of iodine occurs after the addition of 
sulphite in the Kolthoff process. Liberation of iodine during thiosulphate 
titration may therefore be a factor in bringing about the underestimation of 
reducing sugar in the direct determination with the copper reagent. 
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(c) The separate determination of sucrose and fructosan. It is evident from 
the foregoing discussion that clarification does not afford a means of separ- 
ating sucrose and the fructosans, so that estimates of these sugars must 
depend either on the separate determination of glucose and fructose before 
and after hydrolysis with acid, or on the selective action of invertase on 
sucrose. ‘The success of the first method depends on the absence of sources 
of glucose other than sucrose, for then twice the glucose increase on hydro- 
lysis gives an estimate of sucrose, and the difference between the increases 
of fructose and glucose an estimate of fructosan. In the second method if 
sucrose is the only sugar attacked by invertase then sucrose may be deter- 
mined by the increase in reducing power after invertase action, and fructosan 
as the difference between the sugar produced by acid and by invertase hydro- 
lysis. In the barley extracts neither of these conditions is fulfilled and thus 
estimates by either method are subject to errors which vary in magnitude 
according to the amounts of each sugar present. The reliance to be placed 
on such estimates is discussed below. 

The action of invertase on barley extracts. Using an invertase preparation 
supplied by the British Drug Houses, complete inversion of sucrose was 
obtained in one hour using an enzyme concentration of 0-02 per cent., and 
incubating at 38° C., and the rate of inversion of sucrose was not affected 
when it was dissolved in a barley extract instead of water. Under the same 
conditions samples of fructosan isolated from barley were slowly attacked, 
5 to 10 per cent. being hydrolysed in an hour. 

The susceptibility of the fructosan was further confirmed by the use of 
more concentrated enzyme solutions (0-1 per cent.) when complete hydro- 
lysis of some samples was obtained in two days. The susceptibility of different 
samples was found to vary somewhat (Archbold and Barter, 1935), suggesting 
that fructosans of different molecular structure may be present, although 
no difference in the chemical composition has been found in samples so far 
isolated. Estimates of sucrose from the increase of reducing power after 
invertase action will therefore be too high, the errors being small when little 
fructosan is present and quite large when much is present. Thus in some leaf 
samples where the amount of sucrose is relatively high the error was of the 
order of 5 per cent., while in stem samples containing much fructosan it may 
be of the order of 30 per cent. The glucose and fructose produced by inver- 
tase after an hour in some samples of leaves and stems is given in Table VI, 
and the figures make it clear that only a very uncertain estimate of sucrose 
can be obtained in this way. 

If extracts containing large amounts of sugar are subjected to the prolonged 
action of invertase there is a continuous production not only of fructose but 
of ‘glucose’ as well, the amounts of ‘glucose’ being quite large for the first 
six hours (the term ‘glucose’ is used to denote all substances which are esti- 
mated as glucose after hydrolysis by invertase or acid). Part of this increase 
in ‘glucose’ is due to the presence of 6 per cent. of apparent glucose in the 
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fructosan molecule, but there is usually too large an excess to be wholly 
accounted for in this way. Moreover, while the fructose finally produced is 
equal to that obtained by the action of N/5 acid, the ‘glucose’ falls somewhat 
short of the value found after acid hydrolysis. It is thus evident that there are 


TaBLe VI 


Increase in Glucose and Fructose in Uncleared Aqueous Extracts of Barley 
Leaves and Stems by the Action of 0-02 per cent. Invertase for an hour at 38° €; 


Results expressed as percentage of fresh weight 


Excess of % error on 


Increase in fructose over apparent Approximate 
Date. glucose. fructose. glucose. sucrose. fructosan 
F—G. F+G. content. 
Leaves 
4/6/35 : 0°68 0°73 0°05 3°5 o:2 
26/6/35 ‘ 0°66 0°62 0:04, 21 o-2 
24/7/35 : 0°93 0:98 0°05 2°6 o-2 
Stems 
18/6/35 4 o'18 0°38 0°20 2507) pare) 
24/7/35 : 0°40 0°46 0:06 Ge, O'4 
27/7/35 0°92 1-78 086 31-7 zs 


sources of ‘glucose’ other than sucrose in the barley extracts, an observation 
which is amply confirmed by the fact that the estimates of sucrose as twice 
the glucose produced by acid (N/5) hydrolysis frequently exceed those ob- 
tained as the result of invertase hydrolysis for an hour, a procedure which 
has already been shown to overestimate sucrose. 

The course of hydrolysis by invertase in an extract of barley stems con- 
taining 12 per cent. of total sugar is shown in Table VII. In this example 
the ‘glucose’ produced by acid (N/5) hydrolysis exceeds that produced in 
eight days by invertase by 0-32 per cent. (of the fresh weight), while the 
fructose is only 0-12 per cent. greater than the corresponding enzyme value. 
When the enzyme hydrolysis was followed by N/5 acid the “glucose’ value 
was brought up to that found after the action of acid alone. If now the glucose 
and fructose produced by enzyme action subsequent to the time when sucrose 
hydrolysis must be complete, be considered, it is found that the ‘glucose’ is 
about 15 per cent. of the fructose, a value too high to be accounted for by 
‘glucose’ in the known fructosan. ‘The excess glucose which does not appear 
to be derived from sucrose or the known fructosan may thus be divided into 
two fractions, one not susceptible to invertase action, and one which is suscep- 
tible but in a much less degree than sucrose. 

It has frequently been shown that the increase in reducing power of plant 
extracts is greater when hydrolysis is effected by acids than when invertase 
is used, and Phillis and Mason (1933) have pointed out that this difference 
may be quite large when N acid is used for hydrolysis, and is usually due to 
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additional ‘glucose’. The action of N acid on a stem extract is shown in 
‘Table VII, and it is clear from the figures that no additional sugar is produced 
by the action of the stronger acid as compared with N/5 acid. In the stem 
extracts, therefore, the estimate of total sugar obtained after hydrolysis 
with N/s acid would appear to include all the di- and polysaccharides 
present. When a leaf extract was subjected to the action of N H,SO, for 


TABLE VII 


The Progress of Hydrolysis by Invertase and by N/t H,SO, in an Aqueous 
Solution of Barley Stems (gathered fuly 27, 1936) containing a High Percentage 
of Total Sugar 
Results expressed as percentage of fresh weight 
Hydrolysis with 0-02 % invertase at 38° C. Hydrolysis with N/1 H,SO, at 100° C. 


Time of Time of 
reaction, Increase. reaction, Increase. 
hours. Glucose. Fructose. min, Glucose. Fructose. 
$ 70°72 1:20 10 2:28 9°88 
I 0-92 1°78 20 2°41 9°38 
2 I°I3 2°57 30 2-41 8-76 
4 1°20 3:32 70 2:28 6-76 
6 1°42 4°32 120 2°41 3°88 
14 ee. 6°89 180 2°41 2°51 
24. 1-90 6:26 Me 
48 2°03 8-o1 
72 1°90 8-76 
96 1:90 9:26 
168 1-99 9°76 
192 2°09 9°76 
Acid (N/5) hydrolysis after 8 days with 
invertase 
2°41 9°88 
Acid (N/s5) hydrolysis alone 
2°41 9°88 


3 hours at 100° C. the total glucose present was found to be 2:34 per cent. 
(of the fresh weight) as compared with 1-46 per cent. after the action of N/5 
acid. Furthermore, in leaf extracts containing no fructosan cases have been 
observed where ‘glucose’ is produced in excess of fructose even when the 
weaker acid is used. The differences in these extracts were of the order of 
0-15 per cent. In leaves, therefore, there exists yet another source of sugar 
which can only be determined by hydrolysis with the stronger acid. This 
fraction has not been included in the present work which deals primarily 
with the fructosans. 

With regard to the ‘glucose’ produced by invertase and not accounted for 
as the products of hydrolysis of sucrose and the known fructosan two obvious 
sources suggest themselves. First, there may be present fructosans containing 
higher proportions of glucose than the samples isolated by Archbold and 
Barter (1935). ‘he method used in the purification of these samples led to 
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the isolation of the least soluble fractions, and the presence of others is by 
no means excluded. Second, raffinose may be present, and owing to its 
slower response to invertase action as compared with sucrose, continue to 
produce apparent glucose after sucrose inversion is complete. Such evidence 
as there is points to the first of these possibilities as being the most likely. 
Raffinose is split to fructose and melibiose by yeast invertase, and with 
baker’s yeast the fructose only is removed by fermentation. The reducing 
value after fermentation, due to the melibiose, will therefore be equivalent to 
one-third of the amount of raffinose originally present if the calculation is 
made using a factor for glucose. On the assumption that all the non-ferment- 
able reducing power (0-25 per cent. calculated as glucose) of the stem extract 
referred to in Table VII is due to residual melibiose the maximum possible 
amount of raffinose would be 0-75 per cent., of which 0-25 per cent. would 
be estimated as glucose after invertase action. Under the conditions used for 
invertase action hydrolysis of raffinose to fructose and melibiose was com- 
pleted in six hours and in one hour was half completed. ‘The ‘glucose’ pro- 
duced in the barley extract between one and six hours was 0-50 per cent., of 
which o-19 per cent. could arise from the known fructosan, and a maximum 
of 0:13 per cent. from raffinose. The amount of ‘glucose’ actually produced 
is thus too large to be wholly accounted for as the product of hydrolysis of 
raffinose, moreover it has already been pointed out that no additional sugar 
was produced by the action of N acid, conditions which would hydrolyse 
raffinose to glucose, galactose, and fructose (with some destruction of fruc- 
tose). In the leaf extract the extra sugar produced by N acid is too great 
to be accounted for as raffinose, if the estimate of the maximum amount of 
this sugar which can be present is based on the non-fermentable reducing 
power. It has therefore been assumed, in the absence of direct proof by iso- 
lation, that the additional glucose arising from invertase action is a product 
of the hydrolysis of a second fructosan containing more than 6 per cent. of 
‘glucose’, although the presence of some raffinose in the leaves is not excluded. 

At present the best estimate of fructosan is the difference between the 
fructose and glucose produced by hydrolysis with N/5 acid, with a correction 
to allow for the 6 per cent. of glucose known to be present. This estimate 
will, however, always be low, underestimation arising from the presence of 
small amounts of apparent glucose from undefined sources, and from fruc- 
tosans containing a higher content of glucose. The best estimate of sucrose 
is twice the increase of glucose after invertase action for an hour; this will 
always be too high a value owing to the production of some glucose from 
fructosans. Less good estimates of sucrose can be obtained as the total in- 
crease after invertase action, or, if only acid hydrolyses are available, as the 
difference between the total increase on hydrolysis and the fructosan esti- 
mate. These estimates will be subject to errors due to hydrolysis of fruc- 
tosan by invertase and to the glucose content of the fructosans, which may 
be so iarge as to invalidate the sucrose values completely. 
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In many leaf samples the difference between the estimates of sucrose by 
invertase and as twice the glucose increase on acid (N/5) hydrolysis is quite 
small, so that only a little glucose arises from sources other than sucrose and 
the sucrose values are accurate to about 5 per cent. In the stem samples, 
however, the differences between the estimates increase greatly with age, 
the estimates from invertase action being lower than those from acid hydro- 
lysis. No valid estimates of sucrose are possible in the later stages. It is 
evident that this increasing difference indicates an accumulation of the sup- 
posed fructosan containing more than 6 per cent. of glucose. This point 
will be dealt with more fully in Part 2. 

In the present work estimates of fructosan are recorded by the method 
noted above, and sucrose estimates as the difference between the total increase 
in sugar after hydrolysis with N/s H,SO, and the fructosan. Where the 
amount of apparent sucrose determined from invertase hydrolysis was lower 
than that found by the above method, the enzyme value has, however, been 
taken as the best estimate of sucrose. In these cases there is a residual value 
of undefined sugar which serves as a rough measure of the variations in other 
fructosans or in glucose from unknown sources. The results of acid hydro- 
lysis may be more simply expressed as increases in glucose and fructose irre- 
spective of the source, a method which often serves quite well to demonstrate 
fructosan changes. 

The methods of estimation used may be briefly summarized as follows: 
free glucose and fructose are determined after clarification with charcoal, by 
the Harding and Downs copper reagent, coupled with the Kolthoff process 
for oxidation of glucose. ‘otal glucose and fructose are determined as the 
increase in these sugars after hydrolysis with N/5 H,SO, plus the values 
found for the free sugars. 

Fructosan is determined as.the difference between the glucose and fructose 
produced on hydrolysis, multiplied by 100/88,! to allow as far as possible 
for the apparent glucose in the fructosan molecule. Sucrose is determined 
either as the difference between the total increase after acid hydrolysis and 
the fructosan value, or as the increase of reducing sugar after invertase hydro- 
lysis, whichever gives the lower value. 

Clarification is necessary for the estimation of free glucose and fructose, 
since there is an underestimation of glucose relative to fructose in uncleared 
solutions. ‘There is also an underestimation of total sugar of about 2 per 
cent. in the leaf extracts and 8 per cent. in the stem extracts due to inter- 
ference by non-reducing substances. Allowance has been made for these 
errors by estimating total sugars as the sum of reducing sugar determined 
in clear solution, and the increase of sugar after acid hydrolysis determined 
in uncleared solution. Allowance has also been made for the non-fermentable 


: : . ¢ At = eho M 

' "This figure is deduced from the equations G 3 Ss-: 6/100 Frand F 4 Ss-|-94/100 Fi 

whence F—G =: 88/100 Fr, where F and G are the increases of fructose and glucose on 
hydrolysis, Ss is the sucrose, and Fr the fructosan. 
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reducing power by the use of an average value in the 1936 experiment, and 
by determinations on each sample in the 1935 experiment. 


C. Sampling errors of the estimates of sugars. 
A series of analyses of solutions prepared from duplicate samples each of 
ten plants (1936 experiment) are shown in Table VIII. The solutions were 


Tasie VIII 
Standard Errors of the Estimates of Total and Reducing Sugars in Aqueous 
Extracts of Barley Leaves and Stems 


Solutions prepared from duplicate samples of ten plants each and results expressed 
as percentage of the fresh weight 


Total sugar. Reducing sugar. 
Date. Sample Difference Sample Difference 
te Ze I-2. ite 23 I-2. 
Leaves 
12/5/36 1-00 0°92 0:08 O-l4 o'16 0:02 
19/5/36 1°54 1°54 0:00 0°20 0°23 0°03 
26/5/36 120 I'24 0:03 o-2I O-21 0:00 
3/6/36 1°30 1°38 0:08 0:27 0:27 0:00 
16/6/36 2°01 1:96 0:05 0°33 0:28 0°05 
19/6/36 I-90 2°10 0:20 0°37 0°39 0:02 
24/6/36 1-62 1°86 0:24 0°38 o-41 0°03 
1/7/36 Teg I-13 0:00 0°50 o-61 O'll 
10/7/36 1°49 1°62 O13 0:28 0°29 ool 
21/7/36 Roy 3°55 0:22 0°38 O-4I 0°03 
Standard error 
of a single ol : 
difference 4 Pica 
Stems 
16/6/36 13.3 1°41 0:08 0°63 0°56 0-0 
19/6/36 1°16 1°48 0°32 0°53 me nee 
24/6/36 1°89 1°82 0:07 o-75 0-78 0°03 
5 1°66 1°32 0°34 °'79 0-76 0°03 
3 ial 1 Si7) 018 0:82 0°80 0°02 
1/7/36 1-25 I'19 0-06 O75 0-68 0:07 
10/7/36 3°86 3°58 0:28 O-41 0-49 0-09 
» 2°38 2°67 0:29 0-81 0-68 0-13 
21/7/36 Re is: 0-00 0°32 0°39 0:07 
” “7 : 00 “41 : : 
Standard error os 2 ¢ he oes 
of a single 0'219 Sain 


difference 

prepared as described on p. 186 and total and reducing sugars estimated by 
the methods discussed above. Replicate analyses of the same solutions agreed 
to within 1 per cent. From the difference between the results of the duplicate 
analyses the standard deviation of the difference between any two estimations 
has been calculated. It will be seen that the errors for the stem samples 
are rather larger than those of the leaf samples. This may be due to the greater 
difficulty of completing the extraction of the stems, especially at the later 
stages of the growth cycle (see p. 188). 
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4. SUMMARY 


1. For the estimation of total sugars, including fructosans, in the barley 
plant a cold water extract was necessary since the fructosans are insoluble 
in 80 per cent. alcohol. Using either fresh or dry material, a preliminary 
treatment with alcohol was essential to avoid hydrolysis by the plant enzymes 
during water extraction. The technique adopted for the preparation of 
aqueous extracts is described. 

2. Sugar estimations were made using the Harding and Downs micro- 
copper reagent. Fructose was separately determined after oxidation of glu- 
cose by hypoiodite. ‘Total sugar was estimated after hydrolysis with N/5 
acid, and it is shown that reasonably accurate estimates were obtained in 
unclarified extracts, but for the estimation of free reducing sugar clarification 
with charcoal was necessary. Allowance was made for the small amounts of 
non-fermentable reducing substances present. 

3. Unclarified aqueous extracts of barley leaves and stems contain sub- 
stances not themselves reducing, which not only lower the reducing power 
of the free reducing sugars by about 5 per cent., but appear to prevent the 
complete oxidation of glucose by hypoiodite. ‘These interfering substances 
may be removed either by dibasic lead acetate or by charcoal. In barley 
extracts charcoal clarification can be effected without loss of reducing sugars 
and offers a quick and efficient method of clarification for routine work. 

4. Treatment of the extracts with N/s5 acid for ten minutes hydrolyses 
the fructosans and sucrose, resulting in a production of an excess of fructose 
over glucose. 

5. The prolonged action of invertase yields an amount of fructose equal 
to that produced by N/5 acid, showing that the fructosans are susceptible to 
this enzyme. The amount of glucose produced is a little less than that pro- 
duced by N/5 acid. 

6. The known fructosan of barley contains 6 per cent. of ‘glucose’, but 
the amount of ‘glucose’ produced either by N/5 acid or by the prolonged 
action of invertase is too great to be accounted for solely as the result of 
hydrolysis of sucrose and this fructosan. The presence of a second fructosan 
containing more than 6 per cent. of ‘glucose’ is suggested to account for the 
excess ‘glucose’. 

7. Hydrolysis with N acid for three hours yields no additional ‘glucose’ 
above that found after the action of N/5 acid in stem extracts, and the presence 
of raffinose is thus excluded. In the leaf extracts a considerable extra amount 
of ‘glucose’ is found after the action of N acid. Fermentation tests showed 
that this additional glucose could only be due in part to the possible presence 
of raffinose and some quite other source of ‘glucose’ is indicated. 

8. Estimates of sucrose obtained either as the increase of reducing sugar 
after the action of invertase for an hour or as twice the glucose produced by 
acid hydrolysis are therefore always too high, and estimates of fructosan as 
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the difference between the reducing sugar produced by acid and by invertase 
hydrolysis, or as the excess production of fructose over glucose by acid 
hydrolysis, are always too low. 

g. Fructosan has been approximately estimated as the excess of fructose 
over glucose produced by the action of N/5 acid, plus a correction for the 
6 per cent. of glucose occurring in the known fructosan. Sucrose has usually 
been estimated as the difference between the total increase in reducing power 
and the fructosan estimate. In cases where the estimate of sucrose obtained 
by invertase action was lower than that obtained as above the lower value 
was taken as the best estimate available. In the presence of large amounts of 
fructosan the errors on the estimates of sucrose may be of the order of 30 
per cent. 

10. Sampling errors of sugar determinations carried out by the above 
methods are given, being calculated from the differences between the esti- 
mates of sugar in duplicate samples of ten plants gathered at different dates. 
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On the Nature of Competition between Plants in the Early 
Phases of their Development! 


BY 
S. C. VARMA, Pu.D. 


With Plate VI and five Figures in the Text 


qe experiments hereafter described were begun at the suggestion of 
Professor E. J. Salisbury in an attempt to determine experimentally 


I. THe SEVERITY oF COMPETITION BETWEEN DIFFERENT KINDS OF PLANTS 


The percentage death-rate can with due precaution be utilized as a measure 
of the severity of competition among plants, a higher death-rate indicating 
more severe competition. The death-rate of a large variety of plants was 
determined in pure cultures and in mixed cultures consisting of more than 
one variety of plant. The cultures were put up in glazed earthenware pots 
and in each experiment they were arranged as follows: 


Pot 1. 100 seeds of species A. 0-25 cm. apart. 
2. 50 seeds of species A and 50 seeds of species B. 0-25 cm. apart. 
3- 100 seeds of species B. 0:25 cm. apart. 
» 4. 100 seeds of species A. 0-5 cm. apart. 
5- 50 seeds of species A and 50 seeds of species B. 0-5 cm. apart. 
» 6. 100 seeds of species B. o- 5 cm. apart. 


The seeds when sown were carefully placed at the intervals stated, and in the 
mixed cultures the seeds of the competing species were alternated. 

In each experiment six pots were generally employed and the physical 
and chemical nature of the soil was approximately similar at the beginning. 
The water supplied was ample to meet the needs of all the plants and they 
were exposed to the same temperature, humidity, light intensity, and other 
atmospheric conditions. The growth of the plants was relatively better in pot 


" Part of a thesis approved for the degree of Ph.D. in the University of London. 
{Annals of Botany, N.S. Vol. II, No. 5, January 1938.] 
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cultures than in nature, but the conditions were unfavourable for adult plants, 
many of which died prematurely. This aspect of the pot cultures within 
the greenhouse does not affect the value of these experiments in respect 
to the early phases of development upon the mortality during which stress is 
alone laid. 
TABLE I 
Percentage Death-rate of Plants in Pure and Mixed Cultures 


Shirley poppies: A (Scarlet-edged white); B (Flesh); C (White); E (Salmon); 
D Papaver hybridum; F (Orange-scarlet). 


Weeks: 2. ae 4. 5. 6. : 8. 9. Io. OG 12. Te i 4. ST On 
A alone — — — — 5°4 9:6 29°7 2452) ‘56 45-4" 33°53 25 ° 33°3 100 
AandB — 58 ° ° 6-2 66 142 , 50 166 20 25 33°3. 50 ° 100 
A alone —_— — — A 2205 ° Gi rye PETRY PAS 83:3. 100 — — —— 
AandC — — — — —_— —_— —_ _— Io 16 33°300 o 100 _— 
DandE — —_— _ cs —_— — 2° O2:2ie AT kero 83:3. 100 = a = 
D alone — a 2°T ° I 2 20°2 80:2 85°7° ‘50 100 — — = = 

25 3 es OELOO = == — = — — == <r a ee 
Chand Ea —— 41-49 39°73) O12) 33°91" 50 ° ° ° 100 = SS — = 
C alone — 35 16 ° ° 5 Gah GME 7) 37% 7772 80 100 —— 
CandA — 5'5 ° ° 63 ° ° 9 25 20 25 222 428 100 = 
Papaver hybridum and P. argemone. 
Weeks: Is. 16. 17. 18. 19. 20. PRE 22 eX 27. 28. 30. 
P. hyb. & : 7) Ors 58 6-2 ° ° ° 60 ° as 50 50 100 
P.hyb. and P. argem..  — — 25 ° ° ° 100 —_— —_ = = FF 
Hypericum montanum alone and with H. pulchrum. 

WSS Ge Eh oOh Meh Ge GR Gh SOR 568 8K ie eee “eke EPR koe kyh gh Ob Wek 
Alone 20222 3:2 8 Oa OMe 7m acc rt me 4134 Se a TOS OSES aS) 
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The percentage death-rate per week of the various plants in pure cultures 
and in mixed cultures is shown in the graphs where the ordinates represent 
the death-rate as a percentage of the individuals alive at the beginning of any 
given week and the age in weeks is shown by the abscissa (cf. Table I and 
Text-figs. 1-5). 

It has been held by Darwin that severity of competition between plants 
belonging to the same species, because of the similarity of their demands, 
is more severe than between individuals of two distinct species or varieties. 
The results of these experiments do not show this hypothesis as generally 
true. It is found that in a number of instances the severity of competition 
is greater when two different, but ecologically allied, species are competing 
than when the competition is between individuals of the same species. 

Thus Darwin’s generalization is not always valid. Poppy A (White Shirley 
with a scarlet edge) has been found to show earlier mortality in pure culture 
than when in competition with a pure white strain (Text-fig. 2), whereas in 
competition with a flesh-coloured variety (Text-fig. 5) the death-rate was 
higher in the early phases of the mixed cultures than in the pure. Papaver 
hybridum (cf. 'Text-fig. 5) showed an earlier mortality in the pure culture 
than when in competition with Shirley Poppy (var. Salmon-rose), but the 
juvenile death-rate was higher when competing with Papaver argemone than 
when the competition was between individuals of P. hybridum alone. A pure 
white strain of Shirley Poppy showed higher death-rates in pure cultures 
than in mixed whether the competing variety was an orange-scarlet strain 
or white-edged scarlet (Text-fig. 2). The wild species Hypericum montanum 
(Text-fig. 1) showed a lower death-rate in pure culture whether the competing 
species were Hypericum pulchrum or H. perforatum. H. montanum is a local 
species, a feature that may be due to an intolerance of competition. Both 
Hypericum pulchrum and H. perforatum showed earlier mortality in mixed 
cultures (Text-fig. 4). 

Experiments with Silene noctiflora and S. pendula v. compacta showed 
higher mortality when growing in pure stands than when competing with 
one another (Text-fig. 3). ‘The hypothesis that competition becomes more 
and more severe with increasing similarity of plants may therefore often 
be false, and these experiments show that severity of competition may 
be greater between members of the same species under one set of con- 
ditions and between members of different species under another set of 
conditions. 

From the examination of Text-fig. 4 it will be observed that the death-rate 
curve shows two peaks, one at the seedling stage and the other when the 
plants have reached comparative maturity. Under ordinary conditions of 
growth one would expect the two peaks to be sharply defined and the first 
to show a higher death-rate than that which is observed under control condi- 
tions; but owing to the measure of protection afforded to the seedlings under 
greenhouse conditions, the death of a certain percentage of them was delayed. 
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The accompanying data (Table I and Text-figs. 1-5) show the weekly deaths 
expressed as a percentage of the total individuals at the commencement of 
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TEXT-FIGS. I A-C. Percentage mortality plotted against time of Hypericum montanum 
growing alone or in mixed culture. 14. Hypericum montanum and H. perforatum o'5 cm. 
apart. 1B. 0°25 cm. apart. 1c. H. montanum and H. pulchrum. 


the week. Owing to the very unfavourable conditions of growth in the later 
stages, little, if any, importance attaches to the actual magnitude of the mortali- 
ties at this phase, but the data have a value from the differential effect of 
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these unfavourable conditions on the pure and mixed cultures and on the 
respective species. It should be noted that a high percentage mortality in the 
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TEXT-FIGS. 2 A-C. Percentage mortality plotted against time for various plants growing 
alone or in mixed culture. 2A and 2B. Mortality of white Shirley poppy in competition 
respectively with white-edged scarlet and orange poppies. 2c. mortality of white-edged 
scarlet in competition with pure white poppy. 
later stages usually represents a very much smaller number of deaths than 
the same percentage in the earlier part of the life-history. Severity of competi- 
tion is probably greatest in the early seedling stages, and, as the curves show, 
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may practically cease. The second peak represents the onset of the unfavour- 
able conditions referred to which, since it occurred even in the perennial 
species, may be safely attributed to the fact that the volume of soil was too 
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TexT-FIGS. 3 A and B. Percentage mortality plotted against time for Silene noctiflora (3 A) 
and S. pendula compacta (3 8) growing alone or in mixed culture. 


restricted for development beyond the early stages for the study of which the 
experiments were initiated. 

It may therefore be suggested that there is no competition between 
closely aggregated seeds, but they begin to show signs of competition just 
after germination. ‘The severity of competition increases with the growth 
and increasing differentiation of the seedlings only up to a certain stage when 
the death-rate reaches a maximum, after which the competition gradually 
decreases. But as the plants attain maturity competition may again be severe 
though perhaps much less selective in character. 

The causes of the high mortality at the seedling stage may be various. It 
has been observed in an experiment that one plant of poppy (Improved 
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Shirley, orange-scarlet) out of ninety-seven that germinated did not develop 
chlorophyll and died on the third day after germination. Of the ninety-eight 
seeds of another poppy that germinated (Improved Shirley, pure white) two 
were albinos and could not survive. In other cases the death of the seed- 
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TEXT-FIGS. 4 A-c. Percentage mortality plotted against time. 4 A. mortality of Hypericum 
pulchrum alone and with H. perforatum, o'25 cm. apart; 4B. of H. perforatum alone and with 
H.montanum,o.§ cm. apart; 4C. of Silene quadrifolia alone and with S. alpestris 0.5 cm. apart. 
lings could be ascribed to the premature drying up of their cotyledonary 
leaves, or their inability to remain erect, or else to some unknown physiological 
cause. Only those plants survived which by virtue of their physiological 
and morphological equipment escape death under the particular conditions, 
Out of the many causes that may be assigned for the death of the seedlings 
at the early age, the possible production of toxic substances by roots has 
been given special attention and the results are discussed in the next section, 
It may, perhaps, be suggested that tolerance of competition by individuals 
of the same taxonomic category may depend on the degree of physiological 
differentiation within the race. The more uniform the individuals of a 
particular strain the more likely they are to persist in a balanced though 
966.5 P 
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impoverished condition. With greater differentiation within the race there 
is increased probability of survival of some individuals over others. At 
one extreme are species whose demands are sufficiently complementary to 
reduce their mutual competition to a minimum. At the other extreme are 
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‘TEXT-FIGS. 5 A-C. Percentage mortality plotted against time. 5A. of Papaver Shirley 
‘white scarlet edged’ alone and with Shirley ‘flesh.’ 5 B and 5 c. mortality of Papaver hybri- 
dum alone and respectively with Shirley salmon-rose and P. argemone 0°25 cm. apart. 
species whose mutual demands and equipment are so similar that a balanced 
and impoverished modus vivendi is attained, while it is between these two ex- 
tremes that competition resulting in elimination of individuals is most severe. 

These three categories cannot be sharply delimited, and it appears that 
competition gradually becomes more severe with the increasing differences 
between the competing individuals only up to a certain stage when the 
competition reaches a maximum. After this stage is reached the competition 
may be gradually reduced since the associated species may through differences 
in root and shoot development make demands on different soil and air regions. 
It is, however, doubtful whether species are, in nature, ever completely 
complementary (Watt and Fraser 1933). 
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I. THe Posstpce Propuction or Toxic SUBSTANCES BY THE Roots 
OF PLANTS 

Spencer Pickering and the Duke of Bedford (1919) have claimed to demon- 
strate by means of experiments carried out at the Woburn Experimental 
Fruit Farm that living roots of plants produce toxic substances in the soil 
and that these affect adversely the growth of other plants in the vicinity. This 
claim still needs confirmation, because such an action of roots is denied by 
others. 

The two authors used plants growing in perforated iron or earthenware 
trays which were placed over the pots for demonstrating the action of toxins. 
In the author’s experiments described below glass funnels were used instead 
to eliminate the possibility of contamination of the solution through contact 
with metal surfaces. In every experiment six funnels and nine glazed earthen- 
ware pots were used as a rule. They were arranged as shown in PI. VI, Fig. 1. 
The six funnels were supported on a wooden rack and a pot placed underneath 
each funnel. Three pots were placed in the front row and, receiving no 
leachings from the funnels, served as controls. 

In each experiment two species of plants (say A and B) were used. In two 
funnels the seeds of species A were sown and in two others the seeds of 
species B. The other two funnels had no seeds and served as controls; these, 
are referred to in the following description as ‘dummy funnels’. Three out 
of the six pots under the funnels contained seeds of species A and three of 
species B. Two of the three control pots shown in the front row contained 
pure cultures of either species A or of species B, and the third one a mixed 
culture of species A and B. 

The funnels and pots were so arranged that out of the three pots containing 
species A the first one received leachings from a funnel without plants (dummy 
funnel), the second one received leachings from the funnel containing species 
A, and the third one from the funnel containing species B. Similarly, out of 
the three pots containing species B the first one received leachings from the 
dummy funnel, the second one from the funnel containing species A, and 
the third one from the funnel containing species B. Thus in each set of three 
pots containing either species A or B one pot received leachings from soil 
alone, while the others received leachings from the soil together with any 
soluble substances produced by the same or a different species of plants. For 
the sake of convenience these experiments will be referred to in the subsequent 
description as ‘Funnel experiments’. 

These experiments were repeated a number of times, and the amount of 
dry matter formed by 100 shoots is shown in Table II. It will be seen that 
the growth, as¥measured by dry weight, in plants receiving leachings from a 
different species of plant was less than that of plants receiving leachings from 
the same species. ‘The amount of dry matter formed was highest in plants 
grown under the dummy funnels, thus indicating that the leachings from 
funnels containing plants of either the same or different species had an 
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adverse effect on the growth of plants in the pots. The plants grown in 
mixed culture showed less dry weight than those grown in pure culture. 

The poorer growth of Brassica alba and B. oleracea under funnels con- 
taining plants than under dummy funnels containing soil but no plants 


TABLE IT 
Leaching Experiments with Brassica 
Plant in Plant in Dry weight of 100 shoots (gm.). 
pot. funnel. Exp. 8b. Exp.8c. Exp.15. Exp.17. Exp. 19. 
B. alba None 1°67 1'23 1°64 1°72 0-75 
* B. oleracea 1°43 — 1°42 1°56 0°60 
a B. alba — 1'27 1:67 1:65 o-7I 
" (Pure culture) a — I'90 1°33 0°95 
5 (Mixed culture) — — 1°85 127 0°80 
B. oleracea None 1°40 I-31 1°65 1°68 1°16 
‘ B. alba 0:98 —_ 1°40 116 I-Il 
. B. oleracea — 1°32 1°59 1:28 1'07 
iS (Pure culture) — — 1°89 1°56 1°30 
=p (Mixed culture) a — 1°18 105 1'16 


seems to be due to the presence of some deleterious substance in the leachings 
from the funnels. The deleterious substance affected more adversely indi- 
viduals of another species than of that producing it. The poorer growth of 
plants in the mixed than in the pure cultures also seems to be due to the 
presence of some deleterious substance produced by the roots of plants. 

Silene noctiflora and S. pendula-compacta showed higher death-rate in 
pure cultures than in mixed cultures (vide Table I, Text-fig. 3). The com- 
petition was therefore more severe among individuals of the same species. 
This is confirmed by the higher dry weight of these plants in mixed than in 
pure cultures. Funnel experiments with these plants also gave similar results 
as shown in Table III. It is possible that the toxins that might have been 
produced by the roots, instead of retarding the growth of a different species, 
have in fact stimulated them to such an extent that they showed better growth 
in mixed than in pure cultures. 

‘Table IV shows the results of three funnel experiments with Brassica alba 
and B. oleracea. ‘The shoots of the plants in the funnels were removed after 
a couple of weeks, leaving the roots of the plants in the soil, and the pots 
underneath received leachings from decaying roots. The results are consistent 
and showed that the toxic effect was accentuated by the removal of shoots. 
These results, therefore, support the hypothesis of the workers in the U.S. 
Department of Agriculture that the toxic substances are probably a product 
of the decay of roots, or of the cells that are continually being lost by the 
growing roots. 

These results also show that the toxic substances act in aqueous solution, 
and they can be washed away. It is probable, therefore, that the plants grown 
in soils frequently leached should show better growth than those grown under 
conditions where leaching does not occur, provided the soil nutrients are 
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regularly replaced. The results of experiments 61, 64, 100, and ror are shown 
in Table V. In each experiment four funnels were taken each containing 
200 gm. of washed silver sand. Two of these funnels contained pure cultures 


TABLE III 
Leaching Experiment 
: : Dry wt. of 100 shoots (gm.). 
Plant in pot. Plant in funnel. Exp.20. Exp.68. Exp. 83. 
S. noctiflora . None 0°38 0°24 0°32 
. S. pendula-compacta 0-40 0°307 0°32 
a S. noctiflora 0:28 0-402 0°31 
. (Pure culture) No funnel 0°52 O-21 0°42 
‘f (Mixed culture) _ 0°57 0:28 0°50 
S. pendula-compacta None 0°36 0°37 O31 
Py Salen S. noctiflora 0:26 0°39 0°44 
- LA S. pendula-compacta 0°35 0-22 0:28 
A : (Pure No funnel "42 0°33 036 
culture) 
S'. pendula-compacta - 0:27 0°34 0°37 
(Mixed culture) 
TABLE IV 
Leaching Experiment with Brassica 
Plant in funnel. Dry wt. of 100 shoots (gm.). 
Plant in pot. Shoots removed. Exp. 80. . Exp. 81. Exp. 98. 
B. alba No plants I‘1o I'll 1-09 
as B. oleracea 0-94 0-92 0°83 
‘. B. alba I‘O1 1-06 1°22 
», (Pure culture) 1°55 1:27 1:28 
» (Mixed culture) Img 1-24 1:06 
B. oleracea No plants 1:28 1°58 161 . 
a B. alba 0:97 1-06 1°30 
ni B. oleracea I‘IO 1-76 1°41 
- (Pure culture) 1:29 1°53 1°67 
~ (Mixed culture) 0-78 I‘o1 1°48 
TABLE V 
Dry wt. of 100 shoots (gm.). 
Species. Nature of culture. Exp.61. Exp. 64. Exp. 100. Exp. ror. 
Brassica alba Pure. Not ieached 5°89 1°79 0'605 ez, 
# - : 5:18 2°74. 0°52 161 
Ks aim, | Mixed. Not leached is 256 oa pes 
» alba . 7°54 4°60 0°57 2°76 
. nie Mixed. Leached ee Sue 5:65 Paes 
Pure. Not leached 7°92 3°31 0°85 1°68 


”» 3) 


of either Brassica alba or B. oleracea and the other two mixed cultures of the 
two species. One of the funnels containing mixed cultures was subjected to 
leaching by adding an excess of 0-14 per cent. normal Knop’s solution, so 
that the solution flowed out by the spout. Other funnels also received the 
same solution, but the addition of the solution was stopped as soon as a drop 
appeared in the spout, thus ensuring that the soil in all the funnels was equally 
moist. This process was repeated every morning. 
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It will be seen from the results in Table V that the growth in mixed leached 
cultures was much better than in mixed unleached cultures. The growth of 
plants in mixed unleached cultures was poorer than in the pure unleached 
cultures (PI. VI, Fig. 2). 

The repetition of the above experiments with the seeds of Silene noctiflora 
and .S. pendula-compacta, of which the results are shown in Table VI, 


TaBLe VI 
Dry wt. of 100 
shoots (gm.). 
Species. Nature of culture. Exp. 72. 
Silene noctiflora Pure culture. Not leached 0-95 
” ” i 1°23 
Ee perdaatrcnpar ral Mixed culture. Not leached 68 
5,  noctiflora . 1°47 
So gaininaen os Mixed culture. Leached ae 
it oe rn Pure culture. Not leached 1'03 


showed that the growth was better in the mixed leached funnel than in the 
unleached mixed culture. The growth of plants in mixed unleached culture 
was better than in unleached pure culture. 

The better growth of plants in leached cultures seems to be due to the 
removal, by leaching, of the toxins produced by the roots. Brassica alba, 
though growing in mixed culture, showed better growth than those growing 
in unleached pure culture, thereby indicating that the toxins adversely affect 
the plant producing them. The toxins seem to affect more adversely indi- 
viduals of a different species than individuals of the species producing it. 
This is indicated by the poorer growth of plants in the unleached mixed 
culture than in the unleached pure culture. Pl. VI, Fig. 2, shows the growth 
of plants in different funnels of experiment 61. 

It is well known that for good growth of plants in water cultures the 
nutrient solution should be changed frequently and, if possible, continuously 
(Allison and Shive, 1923). It is believed that the culture solution is rendered 
unsuitable after a few days because of deficient oxygen and increase of car- 
bonic acid or because of the disturbance of the physiological balance of the 
solution. It has been pointed out by Miller (1931) that the organic compounds 
produced by the root-cells that are lost by the growing root-tip may also have 
a detrimental effect upon the growth of plants. In a water-culture experiment 
with B. alba and B. oleracea in pure and mixed cultures, it has been found 
that B. alba showed better growth in pure than in mixed culture, while 
B. oleracea showed better growth in mixed than in pure culture. Further 
experiments are, however, needed to elucidate the factors involved, but it is 
possible that some toxic action, resulting from the decay of the root-cells, as 
suggested by Miller, might be responsible for such results. 

These results as a whole indicate that there is some deleterious substance 
produced in the soil by the presence of roots. This is in accordance with the 
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results obtained at Woburn Experimental Fruit Farm by Pickering and 
the Duke of Bedford (1919). The latter, however, believed that only 
living roots produced these poisonous substances, but in the experiments 
described above the deleterious effects were not only in evidence when the 
plants were living but also when the roots were decaying after the shoots were 
removed. In the latter case the effect of the deleterious substances was more 
marked, and therefore these results, as pointed out before, support to a certain 
extent the hypothesis of the workers in the U.S. Department of Agriculture. 

It also appears that when two species are growing in mixed cultures the 
toxic substances produced by one of them may be more harmful to the indi- 
viduals of the other species than they are to the individuals of the same 
species. The selective action of these toxins seems to provide each competing 
species with a ‘weapon’ (Warming, 1909) by which it depresses the vigour 
of its competitors, thus exerting a profound influence upon the outcome of 
competition. On the other hand, in some cases (Silene pendula-compacta 
and S. noctiflora) the substances produced would appear to stimulate, rather 
than depress, the growth of competing species. 

The nature of the toxic substances produced by the roots of plants is 
still obscure. It was believed by some older botanists, as well as Pickering 
and the Duke of Bedford, that they are excretions from the roots. Han- 
steen-Cranner has found that certain phosphatides are passed out into the soil 
by exosmosis from certain roots, but the relation of these phosphatides to soil 
toxicity is uncertain. On the other hand, some American workers believe that 
the poisonous substances are not excreted, but are produced by the decay of 
the disintegrating root-cells which are continually being lost by the growing 
root-tip. ‘The poisonous substances, as pointed out above, appear to be 
formed by living as well as by decaying roots. 

These results suggest that the soluble toxins produced by the roots of 
plants differ either in amount or in kind according to the species involved. 
The varying reaction according to the combination of species involved 
suggests a qualitative rather than a purely quantitative difference. It is there- 
fore probable that different plants produce different kinds of toxins which 
differ from one another both in their manner of production and in their 
physical and chemical properties. A plant seems to be more immune from the 
toxins produced by itself or its own kind than from the toxins produced by 
a different kind of plant. The hydrogen-ion-concentrations of the leachings 
from different funnels of the ‘funnel experiments’ werealmost of the same value, 
and therefore their differing effect was probably unrelated to soil reaction. 


III. THE STRUCTURAL AND PHYSIOLOGICAL RESPONSE OF PLANTS TO THE 
PRESENCE OF TOXINS IN THE SOIL 


The presence of toxic substances in the soil should evoke certain responses 
in plants growing in it. These responses may be structural or physiological. 
Salisbury (1932) suggested that ‘the stomatal frequency of plants can with 
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due precaution be utilized as a phytometric index of the resultant combina- 
tion of both external and internal factors, which determine the water relation 
of plants’. With this.-suggestion in view an attempt was made to find out the 
frequency and size of the stomata of plants growing in pure and mixed cul- 
ture and also when they were receiving leachings from funnels containing 
the same or a different species. 

The leaves of comparable heights of the plants in the pots of a ‘funnel 
experiment’ were removed and imu..ediately killed and preserved in 95 per 
cent. alcohol. After these leaves were free from chlorophyll the lower epi- 
dermis was examined for the determination of stomatal frequency, the size 
of stomata, &c. Similarly the stomatal frequency as well as the number of 
epidermal cells were determined in the case of Brassica alba and B. oleracea 
(Table VII) as well as of Silene pendula-compacta and S. noctiflora (Table 
VIII). 

The results of these two experiments are consistent. A higher stomatal 
frequency is observed in the plants grown in mixed than in those grown in 
pure culture. Also the frequency was higher in those that received leachings 
from funnels containing a different species than in those receiving leachings 
from a funnel without any plants. This was most probably due to a larger 
proportion of stomata formed from epidermal cells, as is borne out by the 
fact that the stomatal index shows a rise in the same sense. After the correc- 
tions for the rise of the stomatal index were made these differences became 
very small, thus showing that the increase in the stomatal frequency was not 
due to the smaller growth of the epidermal cells but to a percentage increase 
in the number of stomata mother-cells produced from the epidermis. 

A slightly higher frequency of epidermal cells per unit area was also 
observed in the plants grown in mixed than in pure cultures and in those 
that received leachings from funnels containing a different species than in 
those that received leachings from the dummy funnel. These differences 
become more marked when the number of epidermal cells and the stomata 
per unit area are added together; the stomata can be considered as specialized 
epidermal cells. This eliminates any error that is likely to be caused if the 
number of epidermal cells are alone considered apart from the number of 
stomata produced by them. The rise in the stomatal index in plants grown 
in mixed as compared with those in pure culture suggests that the rise in fre- 
quency of epidermal cells in the same sense is perhaps due to the division of 
the epidermal cells and not due to their decrease in size. 

The variation in the stomatal index, as Salisbury (1927) has pointed out, 

- ‘appears to be due to the internal factors of which nutritional conditions are 
perhaps the most important’. It is therefore very likely that the change in 
stomatal index and the number of epidermal cells indicate a changed nutri- 
tional balance of plants grown in mixed cultures. 

It is possible that such a disturbance in the nutritional balance may be 
accompanied by a change in the suction pressure of plants. The following 
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methods were employed to determine differences, if any, in the suction pres- 
sure in leaves of plants grown in mixed and pure cultures. 

In experiments 33, 39, 45, and 79 the suction pressure of the leaves was 
determined by the method described by Molz in 1926. Employing this 
method, a series of ten solutions of pure cane sugar in distilled water were 
made having molecular concentrations varying from 0-05, 0-10, 0°1 5 to 0-50, 
which were kept in glass-stoppered bottles. About 5 c.c. of the solution was 
transferred to the test-tube just before the experiment was to be started. 
The solution was used only once and a fresh solution was taken for each 
experiment. 

The plants were grown in pure and mixed cultures in unglazed earthen- 
ware pots with perforated bottoms. These pots were each placed in a glazed 
earthenware pot containing tap-water or in some cases distilled water. This 
was done in order to ensure that the soil in each pot was equally moist. When 
the plants were fully grown the leaves at comparable heights on the plants 
were removed and immediately immersed in paraffin oil. The leaves were 
cut under paraffin into small strips, cutting the main veins at right angles. 
The lengths of these strips were measured under a low power of the micro- 
scope (X10). The paraffin oil was then quickly removed by placing the 
strips between folds of blotting-paper and they were then placed in the 
required concentration of the cane-sugar solution. 

After about two hours’ immersion in the sugar solution the strips were 
removed and mounted under cover-slip in the same solution in which they 
were immersed. The lengths of these strips were again measured. The 
osmotic pressure of the solution in which the strips showed no change of 
length was taken to be equal to the suction pressure of the strips. In experi- 
ment 89 the strips were weighed on a delicate balance instead of being 
measured. The results are shown in Table IX. 

It will be noticed that almost in all cases the leaves of plants growing in 
mixed culture showed higher suction pressure than those of plants grown in 
pure culture. Of the factors that regulate the suction pressure of plants, the 
atmospheric humidity and the condition of soil moisture are the most 
important. Any decrease in the available soil moisture increases the suction 
pressure of the root-cells and also that of the leaves. It seems, therefore, 
likely that production of toxins in the soil by the roots diminishes absorption, 
for all the plants were exposed to similar atmospheric conditions and were 
kept well supplied with water. 

The slight difference in the suction pressure observed in the two species 
grown in mixed culture shows the varying response of different species to 
identical conditions. A plant with a little higher suction pressure than its 
neighbour will obviously be in an advantageous position in the struggle for 
water and nutrients. 

The presence of toxic substances in the soil may not only produce a differ- 
ence in suction pressure but also may restrict the extent of the root system 
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of the competing plants. The depth and the extent of the root system and 
the volume of soil that it exploits is obviously an important factor in competi- 
tion. The potential height and spread of a shoot system, as has been pointed 
out by Salisbury (1929), is a distinct advantage to the plants in overcoming 
competition. The growth of the overground parts depends upon the extent 
of the root system and the volume of soil it exploits. 


TaBLe IX 
Suction pressure of 
leaves (atm.). 

Experiment Pure Mixed 

no. . Species. Method. culture. culture. 
33 Brassica alba Molz’s Method 26 6-7 
s oleracea . es 6-7 8-1 
33 » alba a 5°3 96 
. oleracea 3 - 6-7 8-1 
39 Silene noctiflora "3 mY 2°6 6-7 
» pendula-compacta oe 13 4:0 
45 »  &igantea - 5 5°3 8-1 
” critica ” ” 6-7 6-7 
79 Brassica alba sf a 5°3 I1‘r 
i oleracea 5 £ 8-1 12°7 
89 55 alba Weight Method 6-7 II‘! 
oleracea < a 8-1 II‘ 


It is, however, not easy to find out with any approach to precision the 
volume of soil the roots exploit, but some idea of this can be obtained 
by determining the total length of all the roots and rootlets of a plant. The 
roots of plants were separated out by immersing the pots in tap-water con- 
tained in a basin, and by carefully disentangling them under water with as 
little breakage as possible. These root systems were then spread out on a 
clean plate of glass and the length of the roots and the rootlets were measured 
by the help of centimetre graph paper placed underneath the plate. 

In this way the root extent of Silene noctiflora and S. pendula-compacta 
grown as in ‘funnel experiments’ was determined. The results are shown in 
Table X. The differences between the extent of root systems between plants 
growing under different conditions are not Statistically significant in view of 
the size of the probable error. It may, however, be noted that the root extent 
was smaller in mixed than in pure culture. 

The measurements of root extent of Brassica alba and B. oleracea grown in 
pure and mixed cultures are shown in Table XI. The difference between 
the extent of root systems of B. oleracea grown in pure and mixed cultures 
was more than three times the probable error and was therefore statistically 
significant. In the case of B. alba the difference was appreciable but 
not statistically significant. The results indicate that the root extent of 
plants was smaller when they were grown in mixed than in pure cultures. 
In the case of B. alba it may be emphasized that the length of the main tap 
root was shorter in mixed than in pure cultures. This is shown by the last 
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column of Table XI. There were profuse laterals which it is probable com- 

pensated to a great extent for the poor development of the main tap root. 
The extent of the root systems in the case of Brassica alba and B. oleracea 

as well as Silene noctiflora and S. pendula-compacta appears to be less developed 


TABLE X 


Leaching Experiments with Silene 
Average extent 


Experiment ; of root systems 
no. Plants in pot. Plants in funnel. (10 roots) (cm.). 
396 S. noctiflora No plants 7:48-0:83 

27.9.1933 ; a S\. pendula-compacta 6:47-0:96 
Hi SS. noctiflora 6:21 -+0-89 
55 (Pure culture) 9°78-L0-69 
os (Mixed culture) 7:96-0:91 
S. pendula-compacta No plants 15°05-+1-99 
7 ‘i SS. noctiflora 15°54-E1-99 
ss ry S. pendula-compacta I1-19+2:21 
FA - (Pure culture) 15°36-+2:2 
s ae (Mixed culture) 15'03+2°8 
TABLE XI 
Experiment 63 (April 9, 1934) 
Average extent Average length 
: Kind of of root system of tap root 
Species. culture. (10 plants) (cm.). (10 plants) (cm.). 
B. alba Pure 34°43 46-7 II-41+2:23 
a Mixed 28°22 +472 1:98-Lo-50 
B. oleracea Pure 69°72+9°9 12°95+2:09 
- Mixed 32°471+6-0 507217 


in mixed than in pure cultures. There was an equal amount of nutrient 
material in each pot at the beginning of the experiment and all of them were 
well supplied with water; therefore the smaller root extent in mixed than in 
pure culture was most probably due to the selective effect of toxins present 
in the soil. 

Taken as a whole, these results show that when two species or varieties 
which make similar demands upon the soil are grown together the resources 
of each of them are more severely taxed than if they were growing in pure 
stands. ‘The existence of plants under such conditions is made possible by 
their developing features which enable them to minimize the unfavourable 
conditions. Those plants which cannot respond to the changed conditions 
will tend to disappear. 

It has been shown in previous experiments that Silene pendula-compacta 
and S. noctiflora show better growth in mixed than in pure cultures. On the 
other hand, it has been shown that Silene noctiflora and S. pendula-compacta 
resemble Brassica alba and B. oleracea in showing higher stomatal indices and 
higher suction pressure in mixed than in pure culture. But Brassica alba and 
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B. oleracea differ from them in showing better growth in pure than in mixed 
culture. 

The higher suction pressure and higher stomatal indices in Silene noctiflora 
and S. pendula-compacta grown in mixed compared with pure culture tend 
to indicate that their better growth in mixed than in pure culture was not 
due to the absence of toxins in the soil, but most probably to the greater 
capacity of these plants to withstand these toxins. The toxins have acted as 
a stimulus rather than as a check. The explanation for the better growth of 
Silene noctiflora and S. pendula-compacta in mixed than in pure culture may 
also be applicable to other plants which have been observed to show better 
growth in mixed communities in nature. 


IV. DISCUSSION 


It has been shown that the view that the severity of competition between 
plants increases with the increasing similarity of the competing members is 
not supported by the experiments. Certain plants survived better in pure 
than in mixed cultures, while others flourished better in mixed than in pure 
cultures. The behaviour of the same plant changed when competing with 
different species. 

Pure communities of plants are not uncommon in nature and some of them, 
especially those which propagate vegetatively, are even capable of spreading 
rapidly. The members of a clone forming a pure community are closely 
alike in their morphological and physiological equipment. ‘Their aggressive- 
ness may in part be due to the reduced competition between the members 
composing the community. 

Mixed communities are, however, more common in nature than pure 
communities. Some plants have been observed to flourish better in mixed 
than in pure cultures, and such plants will show a tendency to grow in mixed 
communities. Mixed communities may in part be due to the invasion by one 
species of a locality occupied by another species, neither of them being able 
to entirely suppress the other. A mixed community may also result when a 
bare area is invaded simultaneously by several species. 

In the development of a plant community, e.g. Plant Succession on a bare 
area, competition is absent between the migrants (invaders) so long as they 
are distantly placed and the necessities of life are ample for each of them. 
After the migrants become established, and when they make increased de- 
mands on the available supplies, they will begin to compete. The competition 
will probably be severest between individuals making similar demands but 
differing in their biological equipment. The seedlings of all the plants com- 
pete, at least for a while, on equal terms and their survival will depend upon 
their capacity for adaptation. Afterwards all the plants that have survived 
competition will tend to attain equilibrium resulting in a climax plant com- 
munity. 

The stage at which the highest death-rate occurs can be considered as the 
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most critical period in the life of the plants. At this stage if one of the com- 
petitors has even a slight advantage over the others in the struggle for the 
necessities of life the battle may be decided in its favour. Plants are especi- 
ally plastic in their seedling stage, but of differing adaptability. The different 
death-rate observed in the case of different species growing in the same pot 
demonstrates the fact that, when plants are competing, their individual capaci- 
ties are tested and all of them are not equally susceptible to the same adverse 
factor. It is by virtue of their varying degrees of adaptability that they escape 
or minimize competition. Some plants may not survive simply because of 
their insufficient power of adaptation. A plant may be occupying a dominant 
position by sheer priority (Yapp, 1925) or by showing better adaptation to 
the particular conditions than its competitors. The dominance, as Salisbury 
(1929) has pointed out, ‘may then be the consequence of unfavourable condi- 
tions acting by selective depression or to favourable conditions acting as a 
selective stimulus, but in either case the dominance is determined by the rela- 
tive vigour of the species and its competitors’. 

It can be scarcely doubtful that most of the plants that compete simul- 
taneously for the same place perish, and only those survive which are best 
adapted for that environment. These successful plants are themselves liable 
to extermination if there be invasion by other plants which are better adapted. 
It may be emphasized that a plant is less resistant to the unfavourable condi- 
tions at the time of colonization than when established. After a time, when its 
root and shoot systems are well developed it has ‘priority’ with respect to the 
new invaders. In other words, the former, in the time gained by invading 
early, has so much strengthened its biological equipment that even though the 
new invader may be better fitted it is not capable of establishing itself. 

The status of a plant in a community is determined by the result of the 
interaction of its internal constitution and the external environment which is 
operative at the time of its arrival. 

Almost all the plants have to pass through a stringent test of natural selec- 
tion before they become established at any place. There is no paradise for 
plants and, as Salisbury (1929) has pointed out, ‘plants grow not where they 
would but rather where they must’. 

A number of botanists have emphasized the importance of competition in 
the geographical distribution of plants. It has been suggested above that 
competition is more severe between members of different species which make 
similar demands than between members of the same species. Those plants 
adversely affected by the proximity of others in a locality will tend to form 
pure communities in places comparatively free from competition. Such plants 
when they migrate will again tend to form pure communities. If, on the other 
hand, they are extremely intolerant of interspecific competition they will 
remain isolated and restricted in range. 

The plants which are not adversely affected but stimulated when in com- 
petition with other species will, on the other hand, readily migrate and will 
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tend to form mixed communities. The dispersal of propagules of plants is 
governed by external factors, but their establishment when they have reached 
a certain locality will depend upon the capacity of the plants to adapt them- 
selves to that particular environment. 

A higher plant by the production of toxic substances by its root, by the 
depletion of the nutrient material, by shading, &c., creates a special type of 
environment about itself, which may be termed its own biotic environment. 
Such an environment will be found wherever plants exist, and the presence 
of other plants in the vicinity will depend upon their capacity for adaptation 
to this particular environment or their capacity to modify it. Therefore a 
plant competes with another indirectly, i.e. it changes the environment im- 
mediately surrounding it, and this environment directly affects the plants 
with which it is competing. 

Adaptation may be transitory or else may last the lifetime of the individual. 
It is also known that in certain cases the influence of modification may extend 
to subsequent generations as a diminishing ‘after-effect’. Turesson (1922) 
has emphasized the importance of genotypic adaptation. He has shown that 
biotypes collected from different localities differ in their genotypical constitu- 
tion, and he believes that ecotypes arise as a result of the genotypical response 
of an ecospecies to a particular habitat. Therefore, according to Turesson, 
plants show a genotypical response to a particular habitat. If such a geno- 
typical response can be evoked by competition, then the competing plants 
may well be considered in the process of forming new species. Competition, 
as Warming (1909) has pointed out, may be producing new species. 


V. SUMMARY 


Experiments are described in which various species were grown in two 
densities, in pure and in mixed cultures. The results indicate that judged 
by the mortality rates the intensity of competition is usually greater in mixed 
cultures than in cultures of individuals of a single species. N. evertheless, the 
evidence afforded suggests that severity of competition may in certain cases be 
as great or greater between the individuals of the same species. Thus Dar- 
win’s generalization may be applicable to certain species though not to others. 

The depressing effect of one species upon another is shown to be, in part, 
at least, due to soluble toxic substances probably formed by the roots. 
Evidence is furnished that these soluble substances cause an augmentation 
of the suction force and depress the root development. 
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EXPLANATION OF PLATE VI 


Illustrating Dr. S. C. Varma’s paper ‘On the Nature of Competition between Plants in 
the Early Phases of their Development’. 


Fig. 1. Photograph showing the arrangement of funnels and pots in the ‘funnel’ experiments. 
The six pots by the rack were placed during the experiment beneath the funnels from which 
they received leachings. 

Fig. 2. A closer view of the funnels in the ‘leaching’ experiment. Left to right: (i) unleached 
culture of Brassica alba; (ii) mixed unleached culture of B. alba and B. oleracea; (iii) mixed 
leached culture of B. alba and B. oleracea; (iv) unleached culture of B. oleracea. 

Fig. 3. Pure and mixed cultures of Brassica. Left, pure culture of B. alba; middle, mixed 
culture of B. alba and B. oleracea; right, pure culture of B. oleracea. 

Fig. 4. Plants grown with leachings from different funnels. Left to right (i) B. alba under 
dummy funnel; (2) B. alba under B. oleracea; (3) B. alba under B. alba; (4) B. oleracea under 
dummy funnel; (5) B. oleracea under B. alba; (6) B. oleracea under B. oleracea. 
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Experiments With Growth-controlling Substances 


I. The Reaction of Leafless Woody Cuttings to Treatment with Root- 
forming Substances 


BY 


H. L. PEARSE 
(From the Research Institute of Plant Physiology, Imperial College of Science and Technology, 
London, S.W.7, and East Malling Research Station, Kent) 


With Plates VII and VIII 


INTRODUCTION 


ROM quite early times (Sachs, 1882) it has been suggested that there 

may be specific substances present in plants which control root-forma- 
tion. Loeb (1916, 1917) performed numerous experiments on the regenera- 
tion of Bryophyllum and observed that a stem segment bearing leaves will 
form roots more readily than one from which the leaves are removed. Van 
der Lek (1925, 1934) also found that the presence of leaves or buds promotes 
the formation of roots ‘at the basal end of a cutting. The more recent work 
in the field of plant hormones has provided an elucidation of these results; 
it now seems very probable that the leaves and buds produce a root-forming 
substance which under suitable conditions travels to the stem and causes the 
initiation of roots. Thus F. W. Went (1929) found that a substance extracted 
from leaves and from germinating barley promoted root development in 
cuttings. The formation of roots by urine extracts applied to the internodes of 
a number of species has been observed by Laibach (1934) and Muller (1935). 
Laibach (1935) and Fischnich (1935) also caused the formation of adventitious 
roots on the stems of Coleus plants by applying pastes of 3-indole-acetic acid in 
lanolin. Went (1934) proposed the name rhizocaline for the root-forming sub- 
stance. ‘Thimann and Went (1934) showed that the active substance was present 
in large quantities in the auxin extracts obtained from Rhizopus and also from 
urine. Thimannand Went (1934) showed further that the pure auxins prepared 
by Kégl (1934a and 5b) and his associates were effective in root formation. 
Thimann and Koepfli(1935) found that 3-indole-acetic acid stimulates root pro- 
duction in pea cuttings. Hitchcock and Zimmerman (1936) have further shown 
that a number of synthetic substances including hetero-auxin will stimulate the 
production of roots on cuttings, two of the most active being indolebutyric acid 
and a-naphthalene-acetic acid, results which have been confirmed in this country 
and elsewhere, by Tincker (1936), Pearse and Garner (1937), and van der Lek 
and Krithje (1937), for cuttings of various species of plants. 

[Annals of Botany, N.S. Vol. II, No. 5, January 1938,] 
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It has been known for a long time that when woody cuttings are ringed 
adventitious roots will often form above the ring, and this would support 
the view that root-forming substances travelling downward in the phloem 
accumulate above the ring. Van der Wey (1932 and 1934) has shown that 
the transport of auxin in the Avena coleoptile is basipetal only, and Went 
(1933) that the transport of root-forming substances in Acalypha is polar. 
On the other hand, Hitchcock and Zimmerman (1935) found that several 
growth substances when applied to the soil in relatively high concentrations 
caused the formation of roots on the aerial stems of Lycopersicum and Nico- 
tiana. The fact that concentrated solutions of root-forming substances are 
carried upwards in the transpiration stream in plants bearing rapidly trans- 
piring leaves does not prove, however, that the normal or most-ready channel of 
transport is in the xylem. Cooper (1936), in a series of instructive experiments 
with hardwood lemon cuttings treated with hetero-auxin, concluded that there 
is some factor other than hetero-auxin concerned in root formation. He found 
that when applied to the base of cuttings, only strong solutions of hetero-auxin 
were effective in inducing root formation, and that cutting off the treated portion 
of the base eliminated the effect of the treatment, and further, that re-treating 
the remainder after cutting off the treated base caused no more roots to form 
than when not re-treated. To explain these results he suggested that a strong 
solution of hetero-auxin, when applied to the base, caused the rapid movement 
downwards of some substance already present in the leaves and stem, which is 
necessary for root formation. It has been suggested that the synthetic root- 
forming substances introduced by the workers at the Boyce Thompson Institute 
act in the same way. The object of the present work was to study the reaction of 
leafless woody cuttings to treatment with these synthetic root-forming sub- 
stances. This paper gives some of the results obtained with leafless willow 
cuttings of Salx vitellina using indolebutyric acid; as this species readily 
roots from cuttings, and these would be expected to contain the root-forming 
substance. It was thought therefore to be a suitable material for use in deter- 
mining if the effect of indolebutyric acid could be explained by its action on 
the mobilization of a naturally occurring root-forming substance. 


MATERIAL AND METHODS 


Indolebutyric acid, kindly supplied to the author by Dr. R. H. Manske of 
the National Research Laboratories, Ottawa, Canada, was used in all these 
experiments. The water solutions were prepared by dissolving the substance 
in the minimum amount of 95 per-cent. alcohol and making up to the required 
volume with tap water. The lanolin preparations were made in the manner 
suggested by Laibach (1935). Leafless cuttings of Salix vitellina were used 
as the test subject. After treatment, the cuttings were set in fine silver sand 
in a propagating frame with bottom heat. The temperature of the rooting 
medium was not strictly controlled, but varied from 65° F. to 75° F. with the 
air temperature in the frames about 5° F. lower. 
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Experiment I. (October 1, 1937). The effect of applying indolebutyric acid to 
the base and to the apex of cuttings. 


(a) By lanolin method. The cuttings were all approximately 4 in. long and 
were dormant at the time of treatment, so bore no leaves. There were four 
series, the first treated with lanolin only and the second, third, and fourth 
treated with lanolin containing 2, 6, and 10 mg. of indolebutyric acid respec- 
tively per gramme lanolin. In each series there were three groups, the cut- 
tings in the first group being treated at the base only, the second at the base 
and apex, and the third at the apex only. Roughly 10 mg. of paste was 
applied in each case, and there were twenty cuttings in each treatment. Each 
cutting having treatment at the base and apex received therefore 20 mg. of 
paste while the others received 10 mg. The results obtained after the cut- 
tings had been set in the rooting medium for one week are given in Table I. 


TABLE I 


Effect of Treating Dormant Willow Cuttings with Lanolin Paste containing 
Indolebutyric Acid. Time in Sand, 1 Week. 


Conc. of indolebutyric Average no. of roots per cutting. 


acid. Mg. per gm. Apical Basal 
Treatment. lanolin. half. half, Total. 
Base ° 0:05 3°4 3°45 
2 ol 6°3 6-4 
6 0°5 Se et 74 
10 o'3 6:4 6-7 
Base and apex o or 4:1 4°2 
2 31 74 10°5 
6 6:0 g'I I5‘1 
10 6:0 8-6 14°6 
Apex fo) 0°05 4:0 4°05 
z 46 74 12°0 
6 6:4 Qt 15°5 
10 6:05 8-2 14°25 


The cuttings were arbitrarily divided into apical and basal halves for the 
purpose of recording. | 

Basal treatment therefore doubled the number of roots produced by the 
basal half of the cutting but had little effect on the number produced by 
the apical half. Apical treatment, on the other hand, enormously increased 
root production in the apical half as well as doubling that in the basal half. 
When both base and apex were treated the cuttings behaved much the same 
as when the apex alone was treated. 

In the basal treated cuttings large swellings developed at the base and the 
bark often split, while the apically treated cuttings exhibited at the apex a similar 
swelling but to a less degree. Where both base and apex were treated the 
cuttings exhibited swellings at both ends, the basal ones being rather larger. 

There was no clear relation between the number of roots formed and the 


230  Pearse—Experiments with Growth-controlling Substances. I 


concentration of indolebutyric acid used, slightly more roots were initiated 
in each case however with the pastes containing the higher concentrations. 

These results suggest that when the apex is treated the substance moves 
readily throughout the cuttings, but does not move upward to any extent 
when the base is treated. Further support for this suggestion is supplied by 
the fact that with apical treatment all the buds remain dormant, whereas 
with basal treatment the apical buds grew out in the same way as the cuttings 
in the control groups. 

(b) By solution method. An experiment somewhat similar to that just 
described was carried out, using instead solutions of indolebutyric acid in 
water. The cuttings in this case were six inches long but otherwise similar. 
There were four series, the first treated with tap water only, and the second, 
third, and fourth treated with tap water containing respectively 8, 24, and 
40 p.p.m. indolebutyric acid. There were two groups in each series; in the 
first the basal inch of the cuttings was immersed in the solutions, and in the 
second the cuttings were reversed and the apical inch immersed. The treat- 
ment time was for twenty-four hours, and after treatment the treated portions 
were rinsed in tap water, and the cuttings were then set upright in the rooting 
medium in the propagating frame. After a week in the sand they were re- 
moved, washed, and the roots counted, the cuttings again being divided 
arbitrarily into apical and basal halves for the purpose of recording. The 
results are shown in Table II. 

The results obtained with treatment with water solutions agree with those 
obtained with the lanolin treatment in Table I. Thus the basal treatment has 
again doubled the number of roots formed from the basal halves of the cut- 
tings without appreciably increasing the number formed from the apical 
halves, whereas apical treatment again enormously increased the number in 
the apical half as well as doubling that in the basal half. 

Again, in the basal treated cuttings large swellings developed at the base, 
while the series treated at the apex exhibited similar swelling but to a less 
degree and only at the apex. The swellings were most pronounced in the 
highest concentrations, although again there was no clear relation between 
the concentration and the number of roots formed. 

Photographs of some of the cuttings in this experiment are shown in 
Pl. VII, Figs. 1 and 2. 

With the apical treatment all the buds remained dormant, whereas with the 
basal treatment the buds situated at the apex of the cuttings started to grow 
out in the same way as in the controls in each group. 


Experiment 2, (October 11,.1937.) Effect of ringing. 
There were three series of cuttings in this experiment, the first unringed, 
the second with a complete ring down to the wood in the middle of the cut- 


ting and the third with a three-quarter ring in the same position; after 
ringi..g the wound was coated with paraffin wax. 
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Each series consisted of a control group treated with tap water, and a group 
similarly treated with a water solution of indolebutyric acid at a concentration 
of 20 p.p.m. The treatment time was twenty-four hours, the apical inch of 
the cutting being immersed. After treatment the treated part of the cutting 
was rinsed in tap water, and the cuttings were then set in the propagating 
frame for two weeks before examination. Table III. 


TABLE II 


Effect of Treating Dormant Willow Cuttings with Water Solutions of Indole- 
butyric Acid. Time in Sand, 1 Week. 


Conc. of indolebutyric Average no. of roots per cutting. 


acid solution. Apical Basal 
Treatment. p-p.m. half. half. Total. 

Base fe) 1-4 6-4 78 
8 133 Le ae) 13°2 

24 26 Tigo 16:0 

40 1-6 12°9 I4'5 

Apex ° 2°6 7-4 100 
8 13°9 g‘0 22°9 

24 15°4 11°8 2g FF 

40 13°8 13°6 27°4 

TABLE III 


Effect of Ringing on Root Formation of Dormant Willow Cuttings treated at the 
Apex with Water Solutions of Indolebutyric Acid. Time in Sand, 2 Weeks. 


Average no. of roots per cutting. 
Conc. of indolebutyric Above Below 


Treatment. acid. p.p.m. ring. ring. Total. 
Unringed ° ° 19 I'9 
20 158 8-7 24°5 
Complete ring ) ro 2°3 3°3 
20 14°5 28 nope: 
Partial ring fo) O'5 3°5 40 
20 15°7 6:6 22°3 


The figures in columns 2 and 3 of the unringed series refer to the apical and 
basal halves of the cuttings respectively. 

With a complete ring the part of the cutting below the ring formed no more 
roots after treatment of the apex with indolebutyric acid than without treat- 
ment. With a partial ring the number of roots below the ring was increased 
twofold as compared with the complete ring. In the controls complete ring- 
ing had caused the formation of a few roots above the ring, and this was true 
also to a less degree with the partial ring. :, 

Pl. VIII, Figs. 3 and 4, show that a complete ring caused, in the control 
group, the bud below the ring to grow out, and also in several of the cuttings 
treated with indolebutyric acid. With a partial ring, however, the bud below 
the ring remained dormant. 
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Experiment 3. (October 11, 1937.) The effect of removing the treated base, 
and re-treating the remainder at the new base. 

There were two series of cuttings in this experiment; in the first the basal 
inch of the cuttings was treated, and then 2 in. cut off before planting, and 
the second series was similar but the new base was re-treated after cutting. 
Each series consisted of two groups, the first group being immersed in tap 
water for twenty-four hours and the second group treated for a similar time 


TaB_Le IV 
Effect of Cutting off the Treated Basal Portion, and Re-treating the Remainder 
} at the New Base. Two Weeks in Sand. 


Average no. of roots per cutting. 
Conc. of indolebutyric Apical Basal 


Treatment. acid. p.p.m. half. half. Total. 
Treated base cut off ° ° 1-9 1'9 
eS a 20 ° 20 2°0 
Treated base cut off and ° ° 253 23 
new base re-treated 20 ° 93 93 


with tap water containing 20 p.p.m. indolebutyric acid. In the series which 
were re-treated the cuttings were allowed to dry partially and were then im- 
mersed for a further twenty-four hours after removal of the basal 2 in., in 
the hope that this would insure absorption of more of the solutions. The re- 
treatment was otherwise exactly similar to the original treatment; the cuttings 
in this experiment were 8 in. long, reduced after cutting to 6 in. After treat- 
ment the ends of the cuttings were rinsed as before and set in sand for two 
weeks before examination. 

When the basal treated portions of willow cuttings are removed after treat- 
ment with indolebutyric acid no more roots are formed than on untreated 
cuttings. If, however, the cuttings are thus treated and then given a further 
treatment with indolebutyric acid solution the number of roots formed is 
again increased, showing that the cuttings are still capable of reacting to the 
substance (Pl. VIII, Fig. 5). 


Experiment 4 (October 11, 1937). The position of the roots formed after treat- 
ment at the apex. 


In this experiment forty cuttings were selected each having four nodes, 
and the apical portions of twenty of the cuttings were treated with a solution 
containing 20 p.p.m. indolebutyric acid, controls being similarly treated with 
tap water. After two weeks in sand the roots at each node and internode were 
counted. These figures are given in Table V, the nodes and internodes being 
numbered one to four from the apical to the basal end of the cuttings. 

The number of roots formed at each node and internode became progres- 
sively less from the apex to the base after treating the apical end with indole- 
butyric acid solution, while the controls produced only a few roots at the 
extreme basal end. 
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TABLE V 


The Position of the Roots formed after Treating the Apical Ends of Dormant 
Willow Cuttings with Solutions of Indolebutyric Acid. After 2 Weeks in Sand. 


Average no. of roots per cutting. 


Apex treated with 
Apex treated with indolebutyric acid 


Node. tap water. solution. 
I re} 6-2 
2 ° 50 
3 ° 3°0 
4 19 2°5 
Internode. 
I ° AP) 
2 , ° 13 
8 ° 08 
4 0-2 o-4 
DISCUSSION 


Treating the basal ends of dormant willow cuttings with lanolin pastes 
or water solutions containing indolebutyric acid greatly stimulated the forma- 
tion of roots at the basal ends of the cuttings, whilst if the apical ends were 
similarly treated increased root formation was evident throughout the cuttings 
and was not confined to the basal end. Cooper (1936) in his experiments with 
lemon cuttings concluded from his results after using 3-indole-acetic acid that 
some other factor than hetero-auxin was concerned in root formation. He put 
forward the theory that the treatment of the base of a cutting with a relatively 
strong solution of hetero-auxin caused the downward flow of some hypo- 
thetical root-forming substance already present in the cutting as an explanation 
of the increased root formation at the basal end after treatment. In support 
of this theory he claims that re-treating the base after cutting off the treated 
portion of lemon cuttings did not cause any further root formation. On the 
other hand, in these experiments re-treating the new base of dormant willow 
cuttings after removing the initially treated portion was still effective in causing 
renewed root formation. Further evidence that these cuttings were still 
reacting to the indolebutyric acid treatment was afforded by the swelling at 
the basal end after treatment. The explanation of this difference may lie in 
the method of treating the cuttings; in these experiments after the first treat- 
ment and removal of the basal two inches the cuttings were allowed to dry 
out partially before re-treating, in an attempt to insure that more solution 
would be taken up. Table V shows that after treatment of the apex the 
maximum response occurred at the most apical node, the number of roots 
formed gradually decreasing from the apex downward. While it is realized 
that the reaction of cuttings to treatment with indolebutyric acid is not a 
simple one, and that probably many factors contribute to the response; it is 
suggested that a logical explanation of these facts is that here indolebutyric 
acid itself was the active agent concerned in promoting root formation, and was 
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itself used up or chemically changed in the process. The decreasing number 
of roots at each node from the apex when the apical end was treated would 
thus be explained by a concentration gradient of indolebutyric acid within the 
cutting. There seems from these results no need to postulate the redistribu- 
tion of a root-forming substance by the indolebutyric acid as it is clear that 
any portion of the cutting was capable of reacting to the acid. The fact that the 
apical treatment with indolebutyric acid kept all the buds on the cuttings dor- 
mant also supports the view that it was itself the active agent, and did not 
act through the movement of some substance already present in the cuttings. 

The results from the ringing experiments show that with a complete ring 
the portion of the cuttings below the ring formed no more roots after treat- 
ment than when not treated; with a partial ring, however, more roots were 
initiated in the portion below the ring after treatment than in the controls 
in this group; while on the portion above the ring treatment caused just as 
many roots to form as with a complete ring. It would seem to be clear from 
these results that after treating the apex of cuttings with indolebutyric acid, 
it is transported downward in some region of the stem external to the xylem. 
Furthermore, the fact that while the number of roots produced in the vortion 
of the cuttings above the position of the ring in the unringed, the partially 
ringed, and the completely ringed series was practically the same after treat- 
ment, the number of roots initiated in the portion below the position of the 
ring was in descending order in these three series, would seem to indicate 
that up to a certain point the level of indolebutyric acid in any region of the 
stem was a limiting factor for root formation. 

In cuttings of Salix v:tellina the normal root formation is mainly nodal, and 
while after treatment the number of internodal roots formed was increased 
the major effect was greatly to strengthen the nodal root formation. This may 
be due to a tendency for the natural hormone to accumulate at the nodes 
in untreated cuttings, and a similar tendency for indolebutyric acid also to 
accumulate at the nodes in treated cuttings, or it may due to the distribu- 
tion of the dormant root initials already present in the cuttings. The results 
from experiment I indicate that beyond a certain point increasing the concen- 
tration of indolebutyric acid did not increase the number of roots formed, 
and it is probable that at this point all the dormant root initials had grown 
out, and some other factor limited root formation; this factor may possibly 
have been the amount of stored reserves present in the cuttings. 

These results indicate that it may be more effective to treat dormant woody 
cuttings at the apical end when applying root-forming substances. The dor- 
mancy of the buds thus induced presents a difficulty since during their period 
of dormancy the roots will be growing at the expense of the stored materials 
in the cuttings. How long this dormancy persists is a point that will be in- 
vestigated, but in any case it may be possible to overcome the difficulty in 
question by supplying the solutions through cuts below the buds towards 
the apex of the cuttings. © 
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SUMMARY 


1. Treating the basal ends of dormant willow cuttings with lanolin pastes 
or water solutions containing indolebutyric acid greatly stimulated the forma- 
tion of roots at the basal ends of the cuttings. 

2. When the apical ends were similarly treated root formation was ac- 
celerated throughout the length of the cutting and was not confined to the 
basal portion. 

3. Ringing experiments indicated that indolebutyric acid was transported 
downward in the region of the stem external to the xylem. 

4. After treatment of the apical portion of cuttings the maximum response 
occurred at the most apical node, the number of roots formed gradually de- 
creasing from the apex to the base. 

5. When the portion of the base of the cuttings which had been treated 
was removed, the effect of the treatment was eliminated. 

6. When the treated portion of the base was cut off a further treatment 
with indolebutyric acid again caused a response. 

7. These results suggest that in these experiments indolebutyric acid 
itself was the active agent concerned in promoting root formation, and was 
itself used up or chemically changed in the process. 


LITERATURE CITED 


BoysEN JENSEN, P., 1936: Growth Hormones in Plants. Authorized translation and revision 
by G.S. Avery, Jr., P. R. Burkholder, H. B. Creighton, and B. A. Scheer. 268 pp. New 
York, McGraw-Hill. 

Cooper, WILLIAM C., 1935: Hormones in Relation to Root Formation on Stem Cuttings. 

Plant Phys. x. 789-94. 

1936: Transport of Root-forming Hormone in Woody Cuttings. Plant Phys., xi. 779-93. 

FIscHNICH, O., 1935: Uber den Einfluss von f-Indolylessigsaiire auf die Blattbewegungen 
und die Adventivwurzelbildung von Coleus, Planta, xxiv. 552-83. 

Hircucock, A. E., and ZIMMERMAN, P. W., 1935: Absorption and Movement of Synthetic 

Growth Substance from Soil as indicated by the Responses of Aerial Parts. Contrib. 

Boyce Thompson Inst., vii. 447-76. 

1936: Effect of Growth Substances on the Rooting Response of Cuttings. Contrib. 

Boyce Thompson Inst., viii. 63-79. 

K6ct, F., and ERxLEBEN, ae 1934a: Uber die Konstitution der Auxine a und b. Zeitschr. 
Physiol. Chem., eeu 51-73. 

Koct, F., Haacen Sait, A. J., and ErxLEBEN, H., 1934b: Uber ein neues Auxin (‘Hetero- 
auxin’) aus Harn. Zeitschr. physiol. Chem., ccxxvili. go-103. 

Larpacu, F., 1934: Zum Wuchestoffproblem. Der Ziichter. vi. 49-53. 

1935: Uber die Ausliésung von Kallus und Wurzelbildung durch f-Indolylessigsatire. 

Ber. Deut. Bot. Ges., liii. 359-69. 

Lek, H. A. A. VAN DER, 1925: Over de wortlelvorming van houtige stekken. Diss Utrecht., 

230 

eee (On the Influence of the Buds on Root Development in Cuttings) (Dutch with 

English summary.) Meded. Landbouwhoogesch Wageningen, xxxviil. (2): 95 pp. 

~-— and Kryrue, E., 1937: Bovordering van der wortlevorming van stekken door middel 
van groeistoffen. (Stimulation of the Rooting of Cuttings by Growth Substances) 
(Dutch with English summary). Meded. Landbouwhoogesch. Wageningen, xli. 50 pp. 


236 Pearse—Experiments with Growth-controlling Substances. I 


Logs, J., 1916: On the Association and Possible Identity of Root-forming and Geotropic 
Substances or Hormones in Bryophyllum calycinum. Science, xliv: 210-11. 
1917: Influence of Leaf upon Root Formation and Geotropic Curvature in the Stem of 
Bryophyllum calycinum and the Possibility of a Hormone Theory of these Processes. Bot. 
Gaz., Ixiii. 25-50. ’ 
Mutter, A. M., 1935: Uber den Einfluss von Wuchsstoff auf das Austreiben der Seiten- 
knospen und auf die Wurzelbildung. Jahrb. Wiss. Bot., Ixxxi. 497-540. 
Pearse, H. L., and Garner, R. J., 1937: A Note on the Use of a Napthalene Acetic Acid for 
Rooting Soft-wood Cuttings of Fruit Tree Stocks. Journ. Pom. and Hort. Sci., xv. 248— 
I. 
aoe J., 1882: Stoff und Form der Pflanzenorgane. Arb. Bot. Inst. Wiirzburg, ii. 452-88; 
II, it. 689-718. 
THimann, K. V., and Went, F. W., 1934: On the Chemical Nature of the Root-forming 
Hormone. Proc. K. Akad. Wetensch. Amsterdam, xxxvii. 456-9. 
THIMANN, K. V., and Koeprtt, J. B., 1935: Identity of the Growth Promoting and Root- 
forming Substances of Plants. Nature, cxxxv. 101-2. 
Tincker, M. A. H., 1936: Experiments with Growth Substances, or Hormones, and the 
Rooting of Cuttings. Journ. Roy. Hort. Soc., Ixi. 510. 
WENT, F. W., 1929: On a Substance causing Root Formation. Proc. K. Akad. Wetensch. 
Amsterdam, xxxii. 35-9. 
1933: Recherches Experimentales sur la Neoformation des Racines dans les Plantules 
et les Boutures des Plantes Supérieures. Ann. Jard. Bot. Buitenzorg, xliii. 87-168. 
1934: A Test Method for Rhizocaline the Root-forming Substance. Proc. K. Akad. 
Wetensch Amsterdam, xxxvii. 445-55. 
Wey, H. G. VAN DER, 1932: Der Mechanismus des Wuchsstofftransportes. Rec. Trav. bot. 
néerl, xxix. 379-496. 
1934: Der Mechanismus des Wuchstofftransportes. Rec. Trav. bot. néerl., xxxi. 
810-57. 


EXPLANATION OF PLATES VII and VIII 


Illustrating Dr. H. L. Pearse’s paper on ‘Experiments with Growth-controlling Substances. 
I. The Reaction of Leafless Woody Cuttings to Treatment with Root-forming Substances’. 


PLATE VII 


Fig. 1. Cuttings of Salix vitellina treated at base with water solutions of indolebutyric 
acid. From above downwards, control tap water, 40 p.p.m., 24 p.p.m. and 8 p.p.m. for 
twenty-four hours respectively. After 1 week in sand. 

Fig. 2. Cuttings of Salix vitellina treated at apex with water solutions of indolebutyric acid. 
From above downwards, control tap water, 40 p.p.m., 24 p.p.m., 8 p.p.m. for twenty-four 
hours respectively. After 1 week in sand. 


PLATE VIII 


Fig. 3. Cuttings of Salix vitellina completely ringed down to the xylem in the middle, and 
treated at the apex for 24 hours. Upper row, tap water; lower row, tap water containing 
20 p.p.m. indolebutyric acid. After 2 weeks in sand. 

Fig. 4. Cuttings of Salix vitellina three-fourths ringed and treated at the apex for twenty- 
four hours. Upper row, tap water; lower row, tap water containing 20 p.p.m. indolebutyric 
acid. After 2 weeks in sand. 

Fic. 5. Cuttings of Salix vitellina. Effect of re-treatment of new base after cutting off the 
previously treated basal portion. Upper row, treated at base of stem with indolebutyric acid 
(20 p.p.m.) for twenty-four hours and 2 in. removed before planting. Lower row, a similar 
series but re-immersed in solution for a further twenty-four hours after the treatment just 
described. After 2 weeks in sand. 
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HE process of tvernalisation by low temperature is in practice carried 
out on the germinating grain. Any attempt to analyse the causal factors 
concerned in the process must necessarily take account of the complex nature 
of the mature fruit of the cereal plant, and must inquire into the possible part 
played by changes occurring in the various tissues present. In this con- 
nexion the following parts are likely to be of importance: (1) the embryo 
proper, (2) the endosperm, (3) the aleurone layer, and (4) the integuments. 
The important part played by the endosperm in the nutrition of the embryo 
is well known. The details of the process in the barley plant which were very 
thoroughly studied by Brown and Morris (1890) appear to be similar in all 
cereals, and nothing essentially new has been added by later investigators. 
Attempts to account for the vernalising effect of low temperature on the 
basis of the changed nutrition of the embryo or changed metabolism of 
the endosperm have been made by several Russian investigators. Thus the 
changes in carbohydrate and the associated enzyme activity during the pro- 
cess of vernalisation were investigated by Demkovskii (1932), while the be- 
haviour of nitrogenous substances was studied by Konovolov and Rogalev 
(1937). Richter, Rancan, and Pekker (1933) established changes in the 
enzyme concentrations and in the iso-electric point under vernalising condi- 
tions. Again, indirect methods have been used by Krasnoseliskaia-Maximova 
(1931), in which portions of the endosperms of spring and winter varieties, 
and of vernalised and unvernalised grains were interchanged. She showed 
that the inserted fragments influenced the flowering behaviour of the grains 
receiving them, and concluded that the active factor was of a hormonal 
nature. Serieskii and Sluckaia (1934) carried out similar experiments, but 
did not obtain positive results. In view of the fact later to be established that 
the vernalising process can be carried out on the embryo, completely separated 
from the endosperm, it is not necessary to discuss these results farther, as 
{Annals of Botany, N.S. Vol. I, No. 5, January 1938.] 
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evidently, in spite of their intrinsic interest, the facts recorded cannot be used 
as an explanation of vernalisation. 

In view of a possible hormone control of the onset of flowering, the evi- 
dence for the presence of specific hormones in the grain is clearly important. 
Cholodny (1935) has demonstrated the presence in large quantities in the 
endosperm of a hormone resembling auxine in many of its physiological 
effects, which, however, differed in the details of its action sufficiently to be 
given a separate name. This so-called ‘Blastenin’ has been used as a basis of 
an explanation of vernalisation by Cholodny (1936), and his theory will be 
discussed in due course. Suffice it to say here that this hormone is confined 
to the endosperm, in which it appears only after water absorption, and is 
then present even in the dead tissue. It is readily absorbed by the embryo, 
and is, according to its discoverer, particularly associated with the process of 
starch hydrolysis. The integuments and aleurone layer are impermeable to 
this hormone, which is thus confined within the embryo sac. 

A second hormone system has been isolated from the grain of maize by 
Dagys (1937) which, apparently, is identical with the ‘Bios’ required for the 
cell division of yeast. This hormone in the resting seed is confined almost 
exclusively to the aleurone layer, and is transferred to the developing embryo 
so that five- or six-day-old seedlings contain much of it in the leaves, coleop- 
tile, and root. Particularly interesting is the fact that the hormone is set free 
during proteolysis. 

These results of Dagys throw light on the essential nature of the aleurone 
layer in the germination of rice and other grasses as studied by Schander 
(1934). By removing the aleurone layer, or merely by severing the connexion 
between this layer and the embryo by ‘ringing’ the scutellum, germination 
of the grain is prevented. Schander concluded that the stimulus for germina- 
tion depends on the translocation to the embryo of an activating substance, 
which occurs during the first few hours of germination. Six hours is enough, 
in the case of rice, to eliminate the effect of breaking contact between the 
scutellum and the aleurone layer. It should, however, be noted here that 
Brown and Morris (1890) succeeded in growing embryos excised from dry 
grains of barley, and this has also been achieved in the case of rye in this 
laboratory. The importance of Schander’s investigation in relation to the 
work here reported concerns the time of removal of the embryo, and the 
possible transfer of activating substances before that time. 

The possibility of growing excised embryos when supplied with nutrient 
salts and available carbohydrate has been known for a long time. Andronescu 
(1919) grew maize embryos on different nutritive solutions, and obtained best 
results with 15 per cent. sucrose. Esenbeck and Suessenguth (1925) found 
that excised maize embryos grew well on sterile starch agar. Laibach (1929) 
reports that immature embryos of Lolium hybrids attained the condition of 
those in ripe seed when removed from the seed and grown in 15 per cent. 
sucrose. Brown and Morris (1890) also studied the nutrition of such excised 
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embryos in barley, and showed that sucrose is particularly favourable for 
their growth. In the absence of added carbohydrate growth soon ceases but 
is renewed when sugar is given. Schander apparently added no carbohydrate, 
and thus obtained only a limited amount of growth. 

It appeared important to test directly the possibility of vernalising the 
excised embryo and thus conveniently to separate the effects of low tempera- 
ture on the endosperm from its effect on the embryo itself. This technique 
has proved completely successful, and results have already been briefly re- 
ported by the authors (Gregory and Purvis 1936a). 


The vernalisation of excised embryos. 


In 1935 embryos of winter rye (variety Petkus) removed from the endo- 
sperm were found to germinate and grow readily on nutrient agar as used by 
Robbins (1922) for the culture of isolated root tips. The grain was sterilized 
by soaking for five hours in a solution of calcium hypochlorite containing 
I per cent. chlorine as used by Wilson (1920). The correct exposure and 
concentration were determined by trial. A preliminary rinse of the dry grain 
in 70 per cent. alcohol for a few seconds facilitated thorough wetting of the 
material by the sterilizing solution. The embryos were easily removed with 
a flamed spear-headed needle, and carefully transferred to plates of nutrient 
agar. A number of embryos were kept at a temperature of 1° C. until ger- 
mination was well established. After sixteen days a further batch was excised 
and germinated at room temperature. The resulting seedlings were trans- 
ferred to sand cultures when the vernalised embryos had received three weeks 
treatment. Eventually some of the treated plants came into ear, while others 
were no more advanced than the controls. As three weeks is far short of the 
optimal vernalisation period for winter rye the experiment was repeated in 
1936. 

About fifty excised embryos were kept at 1° C. for six weeks, and five days 
before the end of this period the control embryos were excised and germinated 
at 18°C. The sturdiest seedlings from both lots were planted in soil. To 
check the effect of a free supply of glucose in the culture medium during 
germination a further lot of whole grains was sterilized and germinated on 
the same nutrient agar at both temperatures. 

The results of this experiment are shown in Table I. 

It is evident that the isolated embryos react in the same way to low tem- 
perature as do the whole grains, and to the same degree. In all, eighteen 
vernalised embryos were grown to full maturity, and every one of these had 
set seed before any single unvernalised plant reached the stage of shooting. 
The characteristic reduction in leaf number appears in the vernalised plants 
and, moreover, the plants from excised embryos show only one less leaf than 
those from vernalised whole seeds. This apparent difference may possibly 
be attributed to damage of the embryo and failure of the first leaf. A reduc- 
tion in tillering was also noted in the embryos and whole grains germinated 
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at 1° C. Normal ears were found in plants grown from the excised embryo, 
although some of the plants resulting were smaller than the controls grown 
from whole seed. Treated and control plants grown from excised embryos 
are shown in Pl. IX, Fig. 1. 


TABLE I 


Vernalisation of Excised Embryos and of Whole Seeds of Winter Rye 
(var. Petkus). 


Experimental material used. Excised embryos. Whole grain. Whole grain. 
Medium of germination. Glucose agar. Glucose agar. Sand. 
Temperature of germination. 11°C. 18°C. 11°C, 18°C. 1°C. 18°C. 
Final leaf no. 94 > 2I 10°5 S20 11-5 >2I1 
Days to first anthesis 74 >150 70 >150 68 >150 


Mean time to anthesis (days) 8973 >150 81-2 >150 68°5 >150 


The vernalisation of developing embryos. 


The fact that the vernalisation process occurred in the embryo apart from 
the endosperm suggested the possibility of applying the low-temperature 
treatment after anthesis, during the period of development of the embryo 
and before dormancy set in.’ During 1935 a preliminary experiment was 
performed. Chilling of the ripening ears was carried out in two ways: 
(1) The ears together with several nodes of the stem were cut off and kept 
in water in a refrigerator for 5 weeks at 1° C. Control ears similarly treated 
were kept in a dark room at normal temperature until the grain ripened off. 
After the low-temperature exposure the treated ears were allowed to complete 
ripening at room temperature. (2) The second method consisted in treating 
ears attached to the plant. The selected ears after anthesis were inserted into 
wide glass test-tubes, and kept in place by plugging with cotton-wool. In 
one set these tubes were placed in the necks of vacuum flasks containing 
crushed ice. The ears were thus kept at low temperature but did not come 
into contact with free water. Control ears were similarly placed in flasks 
without ice. ‘The arrangement is shown in PI. IX, Fig. 2. Inall, the ears were 
thus treated for twenty-four days and were then allowed to ripen normally in 
air. The seed thus obtained was sown the following year on March 17, 1936, 
in pots of sand, without further low-temperature treatment. 

Flowering of these plants was irregular, especially in those treated in vacuum 
flasks, where the time of treatment was less than the known optimal exposure. 
With both methods of chilling however, flowering was appreciably hastened, as 
may be seen from the figures in Table II. ‘This result has already been briefly 
described (Gregory and Purvis 1936) and was sufficiently encouraging to war- 
rant repetition in the next year, when longer periods of treatment were used. 


* Kostjucenko and Zarubailo (1936) record a natural vernalisation in the ear during 
ripening. A review of the work of these authors appeared in Herbage Reviews (1937). The 
effect of temperature during ripening of seeds of wheat on subsequent flowering behaviour 
is clearly demonstrated. No direct experiments on chilling the ear were performed. 


Gregory and Purvis—Studies in Vernalisation of Cereals. IIT 241 


In 1936 a larger number of ears was treated. The method used was that 
of placing ears attached to the stem in a refrigerator, and also, in some cases, 
whole plants in pots were so treated. The period of chilling was forty-five 
days. Final ripening was carried out at room temperature. The ears were 
air dried and the grain sown in sand culture on May 31, 1937, without further: 
treatment. The results of this experiment are shown in Table III and in 
Pl. IX, Fig. 3. 

TaBLe II 
Effect of Vernalising Developing Ears of Winter Rye (var. Petkus), 1935. 


Days from planting to 
anthesis in resulting plants. 


Ripened at 
Time of Ripened at normal air 
Method of treatment. treatment. i.C? temperature. 
Cut ears in water : : : P 5 weeks 102 146 
Attached ears in vacuum flasks. ; 24 days IIo 164 


TaBLeE III 
Vernalisation of Growing Embryos in the Developing Ear of Winter Rye 
(var. Petkus), 1936. 


Condition of plants 15 weeks after planting. 
Stage of Stage of —§ Maturity in 


No. of flower fully formed conventional 
Treatment. plants. initiation. ears. units. 
Vernalised . ; : 156 65% BSuG 53 
Control : ; : 49 49% o% 24. 


The results leave no doubt as to the efficacy of vernalisation during ear 
formation, although it appears that not all the treated grains had attained 
the vernalised state. Thus only 38 per cent. of the treated seeds produced 
plants with fully emerged ears, though others were approaching this stage, 
whereas, of the control no single plant produced a fully formed ear. The last 
column in the table requires some explanation. Here the stage of maturity 
reached is stated in conventional units, which were derived from the approxi- 
mate durations (in days) of the successive stages in development in fully 
vernalised plants. ‘The actual values are shown on p. 242. At the time of 
examination each plant was dissected and the stage reached by the meristem 
of the main axis determined, and assigned a ‘score’ on the basis given. 
The mean scores are entered in the last column of Table III. 

A further point investigated in this experiment was the relationship betweén 
effectiveness of chilling and the age of the embryo when treatment began. 
At anthesis ears were dated, and the age of the treated embryos was thus 
determined. The results of the experiment could therefore be grouped 
into ten-day classes covering the period from five days to thirty-five days 
after anthesis. The results are presented graphically in Text-fig. 1. It is 
apparent that the treatment is effective from the earliest stage of the 
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Text-Fic. 1. Relation between age of embryo at beginning of vernalisation in the ear, 
and effectiveness of the treatment. Black—vernalised; white=unvernalised controls. 
For details see text. 


Conventional Units for Evaluating Stage of Development 
Reached by Sptke. 


Units 

Simple ridges—very short spike : sro 

33 long spike z é Ser 
Double ridges . : : : ‘ SR 
Ridges swelling : ‘ : : Ep pS | 
Lateral initials branching . : : 327-26 
Flower initials TES : j . . 28 
Stamen = : , : <a 0 
Stamen lobes appear. : : ; kh, 
Awns growing a eis 
Spike elongating, stamens covered by pala ann 
Spike emerged from last leaf. <—n39 
Anthesis ; ‘ ? . 49 
Past anthesis . . . . . . 49 + number of days from anthesis 


to time of examination. 


Gregory and Purvis—Studies in Vernalisation of Cereals. II 243 


embryo, and decreases in its action as the time of beginning the treatment is 
delayed. 


This is no doubt due to the circumstance that the low temperature is effec- 
tive only during the period of active growth of the embryo and ceases as the 
embryo becomes dormant. Clearly therefore this is a question of duration of 
the exposure to low temperature which has been previously described (Purvis 
and Gregory, 1937). ‘The control and experimental seeds in the present experi- 
ment were obtained from ears cut off with the stem attached and placed in 
water at the game time, and in each set ears of similar dates of anthesis were 
included. The experimental plants alone were kept in the refrigerator. The 
agreement between the control values shows that there is little or no difference 
in behaviour among the progeny of ears removed at various times after an- 
thesis and ripened in the manner described. ‘The wide range of anthesis dates 
among the parent plants made possible a comparison between ‘earliness’ of 
parentand offspring: no indication of inheritance of this characteristic was found. 


Immature ears. 


A second series of controls for the experiment described above was afforded 
by seeds from ears which were removed with their stems from the parent 
plants at varying known times after anthesis; these were immediately air 
dried. ‘Thus seed was obtained from ears removed from the plant as early as 
five days after anthesis. Quite unexpectedly these seeds germinated on sowing 
in the following spring, and yielded completely normal plants, although the 
individual grains were very small (4 x 1 mm.) and apparently without reserves. 
The germination of such immature seeds in barley had, however, been recorded 
by Harlan and Pope (1922), and Harlan (1926). The detailed structure of 
these viable immature fruits of rye is now being investigated in this laboratory. 
In the case of winter rye the plants grown from seeds of sucha range of maturity 
(5-50 days) showed no differences in the developmental stage reached after 
seventeen weeks. Since the plants were unvernalised no ears emerged. 

A similar series of immature grains of spring rye, however, showed a 
variation in anthesis date from 51-8-+-1:17 days (mean of ro plants) in com- 
pletely matured seeds to 62°7--0-91 days (mean of 3 plants) in grain from 
ears removed eleven days after anthesis, the earliest ears to give viable grain. 
The results for spring rye are shown graphically in Text-fig. 2, in which pro- 
gressive decrease in time to flowering is shown with progressive maturity of the 
grain. There is some suggestion here that very immature grains of spring rye 
are partially devernalised, and more information on this point will be obtained. 

The experiments described above were also carried out on four varieties 
of wheat supplied to the authors at the request of Professor Maximov." Un- 
fortunately no success in ear vernalisation was achieved with any of these 


! The varieties used were Lutescens 329 and 1060/10, Hostianum 237, and Erythrospermum 
‘Kooperatorka’, the first two very hardy, the second pair less so. We wish to thank Dr. Nina 
Meister of Saratov for sending us these seeds. 
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varieties although vernalisation at germination was successfully carried out 
with all varieties, the effect of six weeks’ treatment on Lutescens 329, however, 
being very slight.1 On the contrary, grains from immature ears of wheat 
removed from the plants five days or more after anthesis were successfully 
grown, but it was found, as in winter rye, that no relationship existed between 
the age of the embryo on removing the ear and the stage of development 
attained by the resulting plant in seventeen weeks. 


Days to anthesus 
on 
ui 


184) 
Oo 


0 10 20 30 40 50 
Age of embryo at harvesting (days ) 


TEXT-FIG. 2. Spring rye. Relation between age of embryo at harvesting 
and time to anthesis in resulting plants. 


The effect of drying out vernalised seeds. 


The failure of these experiments with wheat raises an interesting problem. 
It is possible of course that failure was due to faulty technique, although 
exactly the same method was used as proved adequate for rye. It may, on the 
other hand, be associated with the fact that the embryo of wheat is much 
smaller than that of rye, and arrest of growth and onset of dormancy may occur 
so soon that the period of vernalisation is too short to exert a recognizable 
influence on the time of ear emergence. 

The whole question of the relation of water content to the vernalisation 
process remains somewhat obscure. In the experience of the authors the 
Russian technique of vernalisation, which depends on restricting the water 
supply of the grain, is difficult to carry out, and at the level of water content 
recommended (50 per cent. of dry weight) the least drying out entirely in- 


* Failure in the case of ‘Kooperatorka’ and ‘Lutescens 329’ is interesting as Kostjucenko 
and Zarubailo used these varieties with success. 
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hibits the process as Lojkin (1936) also found. For this reason, chilling has 
generally been carried out in moist sand in the present work. Lojkin shows 
that wheat (Turkey Red) maintained during chilling at 50 per cent. water 
content will later ‘head out’, but if the water content is allowed to fall, no 
vernalisation at all results. It appears that even when the initial level of 
moisture content is 55 per cent., a gradual reduction leads to failure’ of 
vernalisation, and with an initial content of 60 per cent. and gradual ete 
of this percentage only 12 per cent. of the plants are vernalised. It would 
appear therefore that the vernalisation achieved in the earlier stages of ger- 
mination is later completely annulled by drying. 

Experiments on drying out vernalised seeds of wheat (var. Turkey Red 
and var. Ukrainka) have been recorded by Lojkin (1936) and Lebedev and 
Sergejev (1936). The former investigator found that completely vernalised 
seed kept air dried for four weeks at 1° C. and 15° C. showed either partial 
or complete loss of vernalisation. The Russian investigators found a similat 
situation to hold, and in both cases variable loss of germinative capacity is 
recorded. Lebedev and Sergejev account for the result by suggesting that the 
growing-point of the main axis is injured during drying, resulting in stimula- 
tion of tiller production, such tillers being unvernalised. Our experience is 
contrary to both these contentions. Examination of seedlings from vernalised 
winter rye kept for ten weeks after re-drying showed no visible injury to the 
growing-point, and germination proceeded in a normal manner, but the pldnts 
were found to have lost the capacity for early ear emergence. Again, in general, 
the tillers of vernalised plants behave in exactly the same way as the main axis 
and, further, an experiment on this point was performed in 1934. In this ex- 
periment the main axis of vernalised winter rye plants was deliberately removed 
as soon as possible after germination, and in turn the tillers were also removed 
as they appeared over a period of some weeks. Finally, a few tillers of high order 
were allowed to develop, and produced ears at a much earlier date than did the 
main axes of unvernalised and unmutilated plants. The vernalised state was 
thus transmitted through some generations of tillers. This experiment was 
purely qualitative, but quite conclusive. The data obtained on the effect of 
drying out vernalised winter rye in 1936 are presented in Table IV. 

The grain in every case was vernalised according to the Russian technique 
for a period of six weeks, and then exposed to laboratory air for forty-eight 
hours, and subsequently stored in corked tubes. Vernalisation was started 
at such different dates that all variants could be sown simultaneously. From 
the data in the table the following conclusions may be drawn. (1) Vegetative 
growth as shown by the tiller production is greatly increased by re-drying 
vernalised seed, and this effect increases markedly with the time elapsing 
before sowing. (2) The tendency to flower as measured both by length of spike 
and by the conventional ‘scoring’ method (described on p. 242) decreases 
rapidly as the period over which the seed is kept dry is prolonged beyond six 
weeks. (3) As far as tendency to flower is concerned the seeds dried for twenty 
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weeks are identical with the unvernalised controls. Apparently therefore the 
effect on flowering of the previous vernalisation has been completely removed. 


TABLE IV 
Effect of Drying Vernalised Grain for Varying Periods on After Development 
, Unver- 
Period of drying. nalised, 
I 6 8 12 14 20 sown 


day. weeks. weeks. weeks. weeks. weeks. dry. 
Tiller number per plant 


(10 plants per pot). B07 2°9 9°7 109 16°3 13°7 4°7 
Spike length inmm. . 340 443 4:9 28 2°4 16 16 
Stage of development: 

‘score’ after 19 weeks’ 

growth . : sun abhi 49 26 25 21 20 19 


DISCUSSION 


The experimental results with excised embryos suggest that the hormone 
‘blastenin’ demonstrated by Cholodny (1935) to exist in large quantities in 
the endosperm is not immediately concerned in the vernalisation process. 
Very briefly stated, Cholodny’s theory is that vernalisation essentially consists 
in a shortening of the life cycle by hastening each cell in turn through its 
various stages of development. Such an acceleration was shown in the case 
of the root-apex cells of maize by Cholodny (1936), and on the basis of this 
finding he extended the hypothesis to cover the complete development of the 
plant and so account for earlier flower formation in vernalised plants. The 
experiments of one of the present authors (Purvis, 1934) have shown, however, 
that up to the stage of flower initiation developmental processes go on at the 
same rate in vernalised and unvernalised plants; thus, the leaf production rate is 
the same, and there is no indication of earlier senescence in individual leaves of 
vernalised plants. Tiller production, moreover, proceeds more rapidly in the 
unvernalised plants. Cholodny’s theory, therefore, appears to be inade- 
quate. 

The question remains whether hormone production is at all affected by 
vernalisation. In this connexion the ‘bios’ type of hormone, isolated by Dagys 
(1937) would appear to demand attention. Schander (1934) has claimed that 
even a few hours’ soaking in water suffice to mobilize from the aleurone layer 
an activating substance which one may assume to be the ‘bios’ found by 
Dagys. In the experiments here described the seeds were soaked for five 
hours in a sterilizing solution, during which time such a transfer may have 
taken place. It must, however, be stressed that this soaking took place at 
room temperature whether the embryos were afterwards vernalised or not, 
and moreover, was carried out on grains that were to be germinated whole as 
well as on those from which embryos were later excised. This transfer there- 
fore cannot be the cause of the differences between the excised embryos, 
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chilled and unchilled, but the proximal cause must then be a differential 
effect of low temperature on the later action of the hormone thus transferred. 
In the previous paper (Purvis and Gregory, 1937), in which the effect of 
duration of low temperature treatment was described, it was shown that the 
effect of four days’ treatment was barely demonstrable, while more than three 
months were required to convert a winter rye into a state indistinguishable, 
so far as flowering is concerned, from spring rye. Comparing also the effects 
of vernalisation of excised embryos in 1935 and 1936, the extended period 
of six weeks used in 1936 had a greater effect than three weeks in 1935. If 
therefore this effect of duration of treatment acts by virtue of an accumula- 
tion of hormone this occurs alike in the excised and in the whole grain, and 
therefore cannot be due to a gradual transfer from the aleurone layer through- 
out the period of treatment. The effect noted by Schander can thus only be 
of importance in this connexion if (1) the hormone transferred is autocata- 
lytic in its action, and (2) this autocatalysis takes place at a greater rate at low 
temperatures than at high, thus leading to a greater accumulation in the chilled 
embryos. Such an autocatalytic accumulation was, in fact, suggested in the 
previous paper (Purvis and Gregory, 1937) to account for the gradation of 
vernalisation by varying periods of low temperature and of short days. 
Returning for a moment to the ‘blastenin’ of Cholodny, which is associated 
with the hydrolysis of starch, if indeed this resembles auxine in its action and 
is essential for extension growth, its presence in the developing embryo must 
be postulated. Yet, Brown and Morris (1890) showed very clearly in the case 
of barley that the starch of the endosperm is not attacked until the cell walls of 
the endosperm are dissolved by a cytase, and this does not take place until the 
radicle emerges twenty-four to thirty-six hours after germination begins. The 
five hours’ soaking is not sufficient to allow of blastenin transference, and clearly 
therefore the embryo has the power of synthesizing this or a similar hormone 
from glucose and inorganic salts. It may perhaps be legitimate to assume that 
the ‘bios’ hormone can similarly be synthesized, in which case there is no obligate 
dependence of the embryo on the seed reserves for growth, and the vernalisation 
process is thus also independent of the hormone equipment of the grain. 
The demonstration of vernalisation during embryo development throw 
further light on this question. Reference may here be made to a speculation 
of Ljubimenko (1933) in relation to photoperiodic induction which, as has 
been shown (Purvis and Gregory 1937), results in the case of winter cereals 
in ‘short-day’ vernalisation. He suggests that ‘if the process of induction 
were started from the moment at which the zygote came into existence by 
fertilisation . . . there seems no reason why intervening somatic cells should 
not be almost indefinitely curtailed so that the zygote might develop almost 
directly into reproductive tissue. . . .” (quoted from I. A. B. Bull. 17, P. 19). 
The experiments on ear vernalisation of winter rye show that this is not the 
case with low temperature vernalisation. These experiments further show 
that the process of vernalisation had begun soon after the embryo had started 
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development, i.e. from five to fifteen days after anthesis. At the earliest stage 
(6 days) approximately eight cells are present in the embryo and the endo- 
sperm at this time is represented by free nuclei and contains no accumulated 
- starch (unpublished data). Clearly therefore the presence of starch which 
Cholodny postulated as requisite for the formation of blastenin is not essential 
for the action of low temperature; neither at this stage is there any aleurone 
layer present, although the peripheral nuclei in the embryo-sac later give rise 
to this tissue. The embryo at this stage therefore resembles more closely in 
its nutrition the excised embryos dealt with above. It is growing rapidly, 
and must be absorbing materials all over its surface directly from the contents 
of the embryo sac, in the form of soluble carbohydrates and probably soluble 
nitrogen compounds. Early in development also the embryo may be removed 
from the embryo sac and grown on nutrient media as used for mature excised 
embryos. Clearly, therefore, the embryo in a comparatively early stage can 
_ also synthesize growth hormones from glucose, inorganic nitrogen and salts. 

Again, in so far as flowering is controlled by a specific hormone in the develop- 
ing embryo, as in the mature embryo at germination, the accumulation of 
such hormones takes place more rapidly at low temperatures, as the data in 
Tables II and III show. It is true that a similar experiment with wheat 
failed to show a vernalising effect during development of the embryo, but this 
may be due to occurrence of dormancy of the embryo at so early a date that 
the time available for low temperature to act is too short. 

As shown in Table IV, the mature embryo after having been vernalised 
can be again devernalised by maintaining it in a dry condition for twenty 
weeks, and vernalisation thus appears to be a reversible process. This 
reversal is slow, and is not apparent at all until after six weeks’ dry storage. 
In the previous paper (Purvis and Gregory, 1937) it was shown that vernalised 
winter rye can be kept in a moist condition at 1° C. for six months without 
reversal taking place, whereas it now appears that twenty weeks of dry storage 
at room temperature is sufficient to annul the effect of vernalisation in some 
respects. Referring to Table IV, it will be seen that in so far as the stage of 
development in spike length or in the conventional ‘score’ units are concerned, 
complete devernalisation has occurred, but in the effect on tiller number an 
after-effect of the previous low temperature is apparent. This effect seems 
to be in agreement with the schema of vernalisation already suggested (Purvis 
and Gregory, 1937). ‘This schema is here reproduced: 


E (leaf-promoting substance) 


Precursor Short-day Long-day 


Asse => BEE ee D 


There it was assumed that by autocatalysis from a precursor (A) a substance 
was produced which accumulated more rapidly at low temperature. This 
substance (B) could either produce a ‘flower-initiating’ (C) or a vegetative 
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‘leaf-forming’ substance (E) according to the conditions prevailing (day 
length or temperature) and this system C—+B is reversible. It would appear 
that the devernalisation due to drying also leads to a reversal of the system; 
the accumulated precursor of the flower forming substance (B) which in the 
imbibed grain remains as such, is in re-dried grain at room temperature con- 
verted into the ‘leaf-forming vegetative substance (E). Thus the original high 
content of B is reflected in the dried-down grain as an increase in vegetative 
vigour and very high tiller number (14 weeks drying, 16:3 tillers; unvernalised, 
4°7 tillers). Lebedev and Sergejev (1936) as stated on p. 245 also record 
greatly increased tillering in dried-down vernalised grain. Thus in winter 
wheat (Kooperatorka) unvernalised plants produced from four to twenty 
tillers, while those which had been vernalised and then stored dry for a com- 
plete year produced from 73 to 145. 

There appears to be a difficulty here, since if the drying down of the 
vernalised mature embryo leads to disappearance of vernalisation, it might be 
expected that the embryos exposed to low temperature during development 
would later lose this effect while dormant. Manifestly this is not so in the 
case of winter rye, though the failure of ear vernalisation in wheat might be 
interpreted in this way. At present there is no clear solution of these apparently 
contradictory results. Suffice it to say that the onset of dormancy of the embryo 
is not in any sense a process of mere passive drying. At this stage the embryo 
is completely drought resistant, which is a unique condition in the life of the 
plant, and involves many unknown factors. 

The complete success attending experiments on the vernalisation of excised 
embryos indicates clearly that low temperature acts directly on the embryo 
itself and is not due to an indirect influence on the endosperm of aleurone 
layer afterwards transmitted to the grain. 


SUMMARY 

1. Embryos of winter rye (var. Petkus) excised from the grain and germinated 
on agar containing glucose and mineral nutrients have been successfully 
vernalised by low temperature. 

2. Low-temperature vernalisation has also been carried out on ripening 
grain while still in the ear. 

3. From these experiments it is concluded that the process of vernalisa- 
tion is localized in the embryo itself and is entirely independent of changes 
in the endosperm or aleurone layer which may take place during germination. 

4. It is concluded therefore that the growing embryo is able to synthesize 
hormones from a simple substratum containing glucose and inorganic salts 
(including nitrates). 

5. The loss of vernalisation by drying down the vernalised grain for periods 
longer than six weeks has been demonstrated by experiment. Although the 
effect on flowering vanishes, an after effect is shown by the high tiller pro- 
duction; this is attributed to a reversal in hormone synthesis. 
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EXPLANATION OF PLATE IX 


Illustrating Prof. F. G. Gregory’s and Dr. O. N. Purvis’s paper on ‘Studies in Vernalisation 
of Cereals. II. The Vernalisation of Excised Mature Embryos and of Developing Ears’. 


Fig. 1. Plants grown from excised embryos germinated on nutrient agar at 1° C. and at 
18° C, Photographed ten weeks after planting. 

Fig. 2. Method of vernalising ripening ears attached to the plants (see p. 240). 

Fig. 3. Vernalisation in the ear. Plants in eight pots on left were grown from grain ripened 
on cut ears in water, and chilled during six weeks of the ripening period. Plants in eight pots 
on right were grown from grain similarly ripened but kept throughout at room temperature. 
Photographed ten and a half weeks after planting. 
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NOTES 


With two Figures in the Text 
A CONVENIENT METHOD FOR ATTACHING POTOMETERS. 
AND AN EXAMPLE OF ITS USE IN MEASURING THE UPTAKE 
OF WATER BY LEAVES DURING RECOVERY FROM WILTING.—It 
is often necessary to effect rapidly connexion between plant stems or petioles and 
potometers in transpiration experiments. The following method has proved useful. 


Fic. 1. For explanation see text. 
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The leaf or shoot is cut under water and a short length of valve rubber or wider 
thin rubber tubing is slipped on at the base some little distance above the cut surface, 
which is kept submerged. This can be performed by placing the rubber tubing 
on the end of a tube just wide enough to engage the plant tissue and then trans- 
ferring the rubber to the desired position on the stem. The end of the shoot or 
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petiole is then pushed into a conical glass tube of convenient taper so that the rubber 
is wedged into the cone, which is in turn connected to the potometer. The whole 
arrangement is shown diagrammatically in Fig. 1 A. 

In transpiration experiments the suction pressure developed while the tap is 
closed tends to draw the material more firmly into the cone and ensures watertight 
connexion. In experiments in which positive pressures are to be applied to the cut 
end the whole arrangement is reversed so that the thrust of the water tends to com- 
press the rubber against the glass. ‘The necessary arrangement is shown in Fig. 1 B. 
The whole operation can be carried out in a very short time. 

Many variations of this arrangement are possible, and one such is given below in 
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which the study of the uptake of water during recoyery from wilting is described. 
In this experiment a single leaf is used, the petiole being fitted as described above 
with two rings of rubber tubing a convenient distance apart. The tapered cone is 
fused into a glass cup and below is attached through a three-way tap to the capillary 
tube serving as a potometer and to a supply of water for filling the latter. The 
arrangement is shown in Fig. 1a. 

The transpiration rate of the leaf is first determined under the desired conditions 
and the annular space between the outer cup and the cone is filled with 5 per cent. 
agar, just above its solidification temperature. After shutting off the tap, the petiole 
is removed from the cone and the end immersed in the agar to just above the lower 
rubber ring. The agar sets almost immediately and this cuts off the water supply 
from the leaf. By allowing the leaf to remain thus for varying periods of time different 
degrees of water deficiency are obtained. When the recovery of the leaf is to be 
studied the surface of the solid agar is covered with a layer of water and the petiole 
is severed between the two rubber rings. The end of the petiole is now replaced in 
the cone, the tap turned on, and the water uptake again measured. The recovery 
is found to be extremely rapid. In leaves of Pelargonium zonale which have reached 
the stage of wilting water content returns to normal in about ten minutes. Data of 
such a recovery are presented graphically in Fig. 2. The stepped curve in the 
diagram shows the rate of absorption of water in successive minutes, after returning 
to water, by a leaf which has been deprived of water for forty minutes. The smooth 
curve shows for the same leaf the rise in water content during recovery from wilting. 
The plotted values represent the weight of water in the leaf at any time as percentage 
of the original weight of water just prior to wilting. The very rapid recovery is 
noteworthy. 

A later communication will deal with the application of the method to the simul- 
taneous study of change in water content, transpiration rate, water absorption, and 
stomatal aperture during and after wilting. 

F. G. GREGORY. 


RESEARCH INSTITUTE OF PLANT PHysIOLoGy, 
IMPERIAL COLLEGE OF SCIENCE AND ‘TECHNOLOGY, 
LONDON. 


SUDAN IV AS A MICROCHEMICAL TEST FOR FATS IN PLANT 
TISSUES.—In the course of certain investigations on the influence of storage on 
flours of different grades it was ascertained that the amount of fat or oil, i.e. the frac- 
tion soluble in petrol ether, and especially the amount of free unsaturated fatty acids 
present in this fraction, play an important part in the keeping quality of flours and 
also on the quality of the washed-out gluten. At one stage of these investigations it 
became necessary to find a suitable microchemical reagent for the presence of fats. 
Osmic acid was found to be unsuitable for a variety of reasons, while Sudan III 
was so erratic in its action that it had to be abandoned. British Drug Houses were 
consulted on the subject and they very kindly suggested the use of Sudan IV 
(toluene-azo-toluene-azo-B-naphthol) in place of Sudan III and referred me to a 
paper by Kay and Whitehead (7. Path. and Bact. 41, 305, 1935). ‘These authors 
found that Sudan IV gave very reliable results as a microchemical test for fats in 
animal tissues when used under certain specific conditions. Although the Kay and 
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Whitehead technique works extremely well with animal tissues it was found neces- 
sary to modify it for plant tissues. If the conditions given below are rigidly adhered 
to it will be found that Sudan IV will give excellent and consistent results with 
plant tissues. 

Preparation of reagent. A stock solution of Sudan IV is prepared by adding 2 gm. 
of the dye to a litre of absolute alcohol at room temperature, and then gently 
refluxing the mixture until all the powder has dissolved; the solution is then 
allowed to cool and settle. This stock solution keeps well. 

For the staining of the sections, 7 parts of the stock solution are mixed with 9 
parts of 45 per cent. alcohol. The sections to be examined (in this work the material 
was frozen in gum and then cut on a microtome) are placed in 50 per cent. alcohol 
for one and a half hours, and then transferred to the diluted Sudan IV solution 
and allowed to remain therein for at least three hours at ordinary room temperature. 
The temperature should on no account be raised. A longer immersion than three 
hours does no harm. The sections are then removed to 50 per cent. alcohol for 
three minutes, washed in distilled water for thirty minutes, counter-stained in 
Mayer’s haemalum for at least three hours, washed in alkaline tap water and mounted 
in glycerine. 

In the present investigation, a number of tests for fats were carried out on bran, 
which consists mainly of pericarp, testa, and aleurone layer, and also on the wheat 
grain itself. In the aleurone layer the fat is present in the form of large globules, 
and fat in the protoplasm can also be easily made out. The testa stains deeply 
with Sudan IV. After extraction with petrol ether the globules disappear, as is to 
be expected, but fat can still be made out in the protoplasm and the fat in the testa 
is not affected. It has been found by Rewald (Chem. and Ind. 55, 1002, 1936), and 
confirmed in this investigation, that it is possible to remove a second lipide fraction 
from wheat germ, as well as other parts of the grain, after preliminary extraction 
with petrol ether, by using a mixture composed of 80 parts of alcohol and 20 parts 
of benzene and extracting for thirty-six to forty-eight hours. By the use of this 
mixture it was found that protoplasmic fat was removed, but fat in the testa was 
unaffected. An examination of the wheat grain showed similar oil globules to be 
present in the aleurone layer as was the case in unextracted bran. No fat could be 
discovered in the endosperm, while in the embryo the plumule showed faint traces 
of fat; this appeared to increase towards the primary and secondary roots, but the 
root-caps were free of fat. The scutellum was heavily charged with fat as was also 
the epithelial layer. The fat in embryo, scutellum, and epithelial cells was found to 
be distributed evenly through the cell protoplasm and globules of fat were never 
observed. The globules appear to be entirely restricted to the aleurone layer of the 
grain. 

E. BARTON-WRIGHT. 
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The Interaction of Light Intensity and Nitrogen Supply in 
the Growth and Metabolism of Grasses and Clover 
(Trifolium repens) 


I. The Effects of Light Intensity and Nitrogen Supply on the Clover 
Content of a Sward 


BY 


G. E. BLACKMAN 


(Department of Botany, Imperial College of Science and Technology and Imperial Chemical 
Industries Research Station, Warfield, Berks.) 


With eight Figures in the Text 


INTRODUCTION 


Inge ebous workers have recorded that in grassland communities the 
addition of nitrogenous compounds depresses the leguminous species. 
The investigations of Martin Jones (1933), and the author (1933), have demon- 
strated that this depression is largely dependent upon the frequency and 
severity of grazing. It has been shown that the amount of T rifolium repens in 
the sward can be maintained if the quantity of nitrogen added is not excessive 
and as long as the pasture is kept short by frequent defoliation during the 
spring and summer months. If on the other hand defoliation is infrequent and 
the herbage allowed to grow tall a fall in the clover content results, more 
particularly when nitrogen is added. The view is put forward by Kénekamp 
and Kénig (1929), and Stapledon and Milton (1932), that this reduction is 
largely a question of competition for light, the taller-growing grasses shading 
the clover. These workers suggest that the effect of nitrogen is to increase the 
degree of shading, since not only is the average height of the grasses increased 
but also the density. 

It seemed probable at the time when these investigations were begun that, 
apart from competition for light, nitrogen supply might also play some part 
in controlling the clover-grass balance. In the first place on the basis of 
Prianishnikov’s (1904, 1913, 1922) researches! the explanation has been 
advanced in a previous investigation (1934) that the reduction in clover con- 
tent brought about in closely-cut turf by ammonium compounds was due to 
poisoning by ammonium ions. It was postulated that where very large quanti- 
ties of ammonium salts were added to the soil, then the rapid uptake of 

‘ For a fuller account of Prianishnikov’s investigations reference should be made to the 
recent reviews of nitrogen metabolism by McKee (1937), and Nightingale (1937). 
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ammonium ions would exhaust the low concentration of available carbo- 
hydratesintheclover and lead eventually to the accumulation of free ammonium 
ions. If this hypothesis were substantially correct, it seemed probable that, 
where clover was shaded by the grasses, and its carbohydrate reserves kept 
low, then the addition of even small amounts of ammonium salts might lead 
to the toxic accumulation of free ammonium ions. Alternatively, if ammonium 
compounds were added in such amount as to cause a decrease of clover con- 
tent without the indirect effect of shading, then the depression should be 
much increased under conditions of low light intensity. Since there was no 
evidence that the accumulation of nitrate ions was toxic even when little 
growth was taking place (Nightingale, 1927 and 1933; Dittrich, 1931; 
Eckerson, 1932), it should follow on the same hypothesis, that the difference 
between ammonia-nitrogen and nitrate-nitrogen in their effect on the clover 
should be much greater under conditions of low light intensity. _ 

It was with the object of investigating these possible interactions between 
nitrogen supply and light intensity that the present investigations were 
undertaken. This paper is confined to the results obtained in field experi- 
ments. The experiments were carried out on swards frequently defoliated, 
since it was known that such conditions were favourable to the development 
of T. repens. Variations in the nitrogen supply, were obtained by adding 
periodically either ammonium sulphate or calcium nitrate, and variations in 
light intensities secured by shading plots with suitable screens. 


EXPERIMENTAL RESULTS 
Experimental technique. 

All the experiments were carried out at jcaiott’s Hill on swards frequently 
defoliated by a mowing machine. For the purpose of this investigation 
mowing had many advantages over grazing. In order to decrease the light 
intensity, plots were shaded with butter muslin, one or more layers thick, 
stretched on light wooden frames. In consequence the plot size was restricted 
to avoid very heavy and unwieldy frames. The necessarily small plot made 
grazing even by sheep impracticable. It would have introduced large errors, 
due to uneven grazing and the irregular distribution of droppings. More- 
over, the time taken to graze the plots would have been much longer, and 
more variable than the time taken to cut them. In addition differences in 
light intensity between treatments could not have been maintained under 
grazing conditions within such exact limits. It was realized that cutting in 
contrast to grazing would bring about a more rapid depletion of the available 
nutrients in the soil. Nevertheless, even where cutting without replacement 
of the mineral substances removed in the herbage had been practised for 
many years, T. repens was one of the dominant plants in the sward. It was on 
this sward that the earlier experiments of 1933 and 1934 were laid out. 

In 1933 and 1934 the replication of each treatment was fourfold. Since on 
the experimental area the distribution of clover was very variable each experi- 
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ment of those years was not laid out in blocks. Instead the requisite number 
of plots containing an approximately equal amount of clover were first chosen 
and individual plots allotted at random to the several treatments. In 1935 and 
1936, when different swards with a more even distribution of clover were 
used, the experiments consisted of random blocks in three—or fourfold 
replication. 

The method of estimating the changes in clover content has been described 
previously (1932). Briefly the method consists in determining by ey. the per- 
centage area covered within a number of small quadrats (6 in. x6 in.). For 
greater accuracy in estimation the quadrat is divided by thin wires into a 
number of smaller areas each 2 to 4 sq. in. In 1933-5 ten quadrats were 
chosen per plot. In 1936 forty quadrats of 2 sq. in. were used instead. Esti- 
mates of the clover content were made every seven days during the experi- 
mental period. 

As has already been stated, variations in the light intensity were controlled 
by shading the plots with butter muslin stretched on wooden frames. Pre- 
liminary trials were made with frames of two sizes, those large enough to 
cover plots 6 ft. x 6 ft. or 4 ft. 2 ft. In the larger frames a single thin cross- 
batten was added with the object of strengthening the frame and preventing 
the butter muslin sagging in the middle; on the smaller frame there was no 
cross-batten. The larger frame was eventually discarded as unwieldy, and 
because, during bad weather the muslin tended to tear. Also in heavy rain 
the wet material always sagged to some extent so that the middle of the plot 
received more than its due proportion of water. In the smaller frames there 
was little tendency for the material to sag, the muslin did not tear, and the 
frames were easy to handle. The frames were kept in position by means of 
four galvanized iron right-angle brackets. One arm of the bracket was pressed 
into the soil, the other arm was screwed into the frame at the corner. Between 
the bottom of the frame, and the soil surface there was a clearance of 1-2 in. 
in order to increase the circulation of air. 

During 1933 estimates of the degree of shading were made by testing the 
materia! in the laboratory by a ‘Holophane’ lumeter. In 1934-6 the amount 
of light transmitted was estimated zm situ by means of a ‘Weston’ phototronic 
cell coupled to a ‘Ferranti’ milliammeter. The resistance in the circuit was 
adjusted so that between o and 2,000-ft. candles the current generated by the 
cell was directly proportional to the light intensity. In these latter experi- 
ments a large number of readings were taken from time to time during the 
run of each experiment. 

When either ammonium sulphate or calcium nitrate was applied to the 
appropriate plots, it was added in dilute solution. As a further precaution in 
order that the herbage should not be damaged by solutions of high osmotic 
concentration, the plots were subsequently watered. In 1933-5 where am- 
monium sulphate had been added, calcium carbonate was applied a few days 
later in order to counteract any tendency for the soil to become acid. 
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Subsequent to 1933 in addition to each plot receiving weekly 2 gallons of 
water (equivalent to 0-5 in. rain) at the time of each fertilizer application the 
plots were further watered during dry weather. 


Effect of nitrogen supply and shading on clover content. 

1933 data. In 1933-4 the experiments were carried out on a sward, which 
had been cut for at least ten years with a mowing machine, and as far as is 
known had received no manurial treatment during that time. The sward 
consisted very largely of Agrostis tenuis and T. repens, the commonest occa- 
sional species being Festuca ovina and Prunella vulgaris. In the 1933 ‘balanced’ 


TaBLe I 
Changes in Clover Content in Relation to Light Intensity and Nitrogen Supply. 
(Statistical analysis based on regressions of rate of diminution against time.) 
1933 Experiment 1. Fuly 20 to Sept. 6 


Manurial Treatments 


ee 
Control. (NH,),SO,. Mean. 
Light | 1-0 daylight : : -  O°0144 0°0295 00220 
Treatments | 0-6 daylight ‘ : @ 480°0207, O'O511 0°0404 
Mean . ‘ : ERO:0220 00403 = 
Significant difference between treatments = 0°0294 
Significant difference between means of 2 treatments = 0:0208 


(10:05) 


experiment there were four treatments, two light treatments and two manurial 
treatments. Half the plots received ammonium sulphate every seven days, at 
the rate of 37°5 lb. nitrogen per acre; the other half received no nitrogen. 
Half the plots (one quarter with and one quarter without nitrogen), were 
shaded with a single layer of butter muslin, while the other half were unshaded. 
Measurement of the proportion of light transmitted by the muslin gave an 
average figure of 60 per cent. 

The results of this experiment are shown graphically in Fig. 1, while the 
statistical analysis of the data is given in Table I. In Fig. 1, and in all sub- 
sequent figures it has been found useful to take the initial clover content of 
each treatment as 100, and express any subsequent change relative to this 
figure. In the statistical analysis no attempt was made to analyse the percent- 
age area figures direct, since it had been shown in a previous investigation 
(Blackman, 1935), that the distribution curves of such data are often markedly 
skew. It was decided, therefore, to fit a linear regression (change in percent- 
age area covered against time) to the data for each plot, and analyse statistically 
the regression figures. Inspection of the original data indicated, that in this, 
and the following experiments linear regressions with smaller errors could be 
obtained by transposing the data. For x (the percentage area covered) y was 


substituted on the basis that y equals log ae The data transposed in this 


100— 
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way were worked out by the analysis of covariance with time. Subsequently, 
to obtain the regression coefficients, the data were divided throughout by the 
sum of the squares for time. 


Inspection of Fig. 1, and the data given in Table I shows that neither the 
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TExT-FIG 1. The effects of light intensity and nitrogen supply on the clover content of 
a sward. For each treatment the changes in area covered are expressed relative to the initial 
content (27-°6-29°7 per cent.) which has been taken as 100. (1933. Experiment 1.) 


addition of ammonium sulphate, nor the shading of the herbage significantly 
reduced the clover content. On the other hand the combination of these two 
factors brought about a significant reduction. 

1934 data. In 1934 the experiments were carried out on the same sward as 
in 1933. In both these experiments there were two additional treatments as 
calcium nitrate was included in addition to ammonium sulphate. The rate and 
frequency of the nitrogen application was the same as in 1933. For reducing 
the light intensity a single layer of butter muslin was again used and the per- 
centage of light falling on the sward was estimated as 60 per cent. of daylight. 

The results of the first experiment carried out during 1934 are seen in 
Fig. 2 and Table II. Under conditions of high light intensity, ammonium 
sulphate in contrast to calcium nitrate significantly decreased the clover, but 
under the low light intensity no nitrogen effect appeared. Reduction of light 
intensity brought about a marked fall in the clover irrespective of the 
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nitrogenous manuring. Taking both light treatments into account ammonium 
sulphate was significantly more effective than calcium nitrate in suppressing 
the clover. 
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TExT-FIG. 2. The effects of light intensity and nitrogen supply on the clover content of a 
sward. For each treatment the changes in area covered are expressed relative to the initial 
content (30°2-31°7 per cent.), which has been taken as 100. (1934. Experiment 1.) 


TABLE II 


Changes in Clover Content in Relation to Light Intensity and Nitrogen Supply. 
(Statistical analysis based on regressions of rate of diminution against time. For 
details see p. 260.) 


1934 Experiment 1. June 21 to Aug. 3 
Manurial treatments 


coo 
Control. (NH,),.5O, Ca(NO3),. Mean. 


Light 1o daylight . - —0°004 0:046 0-001 O'O14 
Treatments | 0-6 daylight . : 0°133 0153 o'129 0138 
Mean . ; : 0-065 0-099 0°065 — 
Significant difference between treatments = 0:048 


Significant difference between means of 2 treatments = 0:032 
Significant difference between means of 3 treatments = 0-026 
(P = 0°05) 
The results of the second experiment of 1934 are given in Fig. 3, and 
Table III. During the course of this experiment there was a period of abun- 
dant rain and two of the plots which showed fungal attack had to be discarded. 
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Asa result it was necessary in the statistical analysis to estimate the regressions 
for the ‘missing’ plots. In consequence the error of the experiment was con- 
siderably increased. 
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TEXT-FIG. 3. The effects of light intensity and nitrogen supply on the clover content of a 
sward. For each treatment the changes in area covered are expressed relative to the initial 
content (21°8—24:0 per cent.), which has been taken as 100. (1934. Experiment 2.) 


TABLE III 


Changes in Clover Content in Relation to Light Intensity and Nitrogen Supply. 
(Statistical analysis based on regresstons of rate of diminution against time. For 
details see p. 260.) 

1934 Experiment 2. Aug. 3 to Sept. 13 


Manurial treatments 
coo OOF 
Control. (NH, ).SO,. Ca(NOs)>. Mean. 


Light 10 daylight . O;O02)T 00186 0°0422 0°0210 
‘Treatments 06 daylight . - 0'0829 C2012 7 O'I100 O'1019 
Mean . : nO .0425 0:0657 00761 -— 
Significant difference between treatments 100577 


Significant difference between means of 2 treatments = c-0408 
Significant difference between means of 3 treatments = 0°0333 
(P = 0°05) 
As in the first experiment of 1934, reducing the light intensity brought 
about a marked diminution in the clover content with or without the addition 
of nitrogen. On the other hand none of the nitrogen effects were significant. 
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1935 data. The experimental sites were different from those of previous 
years. Three experiments (experiments 1-3) were laid down on a specially 
levelled area, which had been sown five years previously with a mixture of 
A. tenuis and F. rubra. By 1935 F. rubra had been completely suppressed, and 
under the system of constant cutting, the area had been invaded by T. repens 
and Poa trivialis. When the experiments were begun 7. repens and A. tenuts 


Tasi_e IV 
Changes in Clover Content in Relation to Light Intensity and Nitrogen Supply. 
(Statistical analysis based on regressions of rate of diminution against time. For 
details see p. 260.) 
1935 Experiment 1. Fuly 9 to Aug. 6 
Manurial treatments 


_———— 
Control. (NH,).SO,. Ca(NOs3)o. Mean. 


Light 1'o daylight : . —0°0923 0°0477 00207 —o-0080 
*Paatments o°6 daylight . : 0°0277 0°1347 0°0900 00841 
o-4 daylight . 3 0:0643 0°1377 00917 0°0979 
Mean . , . —0°0001 0°1067 00674 — 
Significant difference (i) between treatments = 0'0552 
Significant difference (ii) between means of 3 treatments = 0°0319 
(P = 0-05) 


were the dominant plants in the sward. The fourth experiment was carried 
out on another levelled area, which for the purpose of this investigation was 
sown in the autumn of 1934, with a mixture of A. tenuis and T. repens. 

Each experiment consisted of nine treatments in all; ammonium sulphate, 
or calcium nitrate was applied at the rate of 50 Ib. nitrogen per acre, every 
seven days as against 37°5 lb. in the previous experiments. There were in 
addition three levels of light intensity; some plots were shaded with a single 
layer of butter muslin (60 per cent. of daylight), and others with a double 
layer (40 per cent.). 

The results set out in Table IV and Fig. 4 show that at all three levels of 
light intensity the addition of ammonium sulphate significantly increased the 
rate of clover diminution. Calcium nitrate produced similar results except 
at the lowest light intensity. The average effect of ammonium sulphate on 
the clover content was significantly greater than that of calcium nitrate. 
Decreasing the light intensity from daylight to 0-6 daylight markedly reduced 
the clover. In contrast a further decrease in intensity to 0-4 daylight had no 
effect. 

Experiments 2 and 3 were carried out at the same time and on the same 
sward. The results, however, have been analysed separately since the initial 
clover content of the two experimental areas were not equal, i.e. 34-2 per cent. 
of the area was covered by T. repens in experiment 2, and 26-2 per cent. in 
experiment 3. Although the magnitude of the changes was greater in experi- 
ment 2 (see Fig. 5 and Table V), than in experiment 3 (see Fig. 6 and Table 
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V0), the general trend was similar. In both experiments at the highest light 
intensity neither ammonium sulphate nor calcium nitrate significantly sup- 
pressed the clover, though in experiment 3 the effect of ammonium sulphate 
was only just not significant. Reducing the daylight to 0-6 diminished the 
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Text-ric. 4. The effects of light intensity and nitrogen supply on the clover content of a 
sward. For each treatment the changes in area covered are expressed relative to the initial 
content (34°9-37°8 per cent.), which has been taken as 100. (1935. Experiment 1.) 


clover content irrespective of the changes due to manurial treatments, but a 
further decrease in light intensity to 0-4 had no further effect. Considering the 
manurial treatments apart from light it is found that ammonium sulphate in 
both experiments significantly decreased the clover while calcium nitrate did not. 

In regard to differences between individual treatments the experiments 
were somewhat dissimilar. In experiment 2 the reductions in light intensity 
did not significantly affect the clover content where no nitrogen was added, 
but in experiment 3 the differences were significant. In both experiments 
2 and 3 ammonium sulphate at the lowest light intensity decreased the clover 
more than at the highest light intensity, but at the intermediate level the 
results were not significant. Calcium nitrate on the other hand showed in 
experiment 2 no relationship with light intensity. In experiment 3 decreasing 
the light to 0-6 accelerated the rate of clover diminution, but a further 
decrease to 0-4 retarded the rate of diminution. 
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TExT-FIG 5. The effects of light intensity and nitrogen supply on the clover content of a 
sward. For each treatment the changes in area covered are expressed relative to the initial 
content (32°6—38°0 per cent.), which has been taken as 100. (1935. Experiment 2.) 


TABLE V 


Changes in Clover Content in Relation to Light Intensity and Nitrogen Supply. 
(Statistical analysts based on regressions of rate of diminution against time. For 
details see p. 260.) 


1935 Experiment 2. Aug. 13 to Sept. 23 
Nitrogen treatments 
NT 
Control. (NH,),SO,. Ca(NO3).. Mean. 


Light 10 daylight . - 00546 0'0719 00-0698 0:0654. 
ieoderentabine”. daylight ; 2 50'0707 0:0879 00888 0°:0825 
0-4 daylight . TO:0820 O'IIII 00886 00939 
Mean . : - o-0691 0°0903 00824 — 
Significant difference (i) between treatments = 0°0282 
Significant difference (ii) between means of 3 treatments = 0°0163 
(P = 0-05) 


The last experiment of 1935 was carried out in the autumn on the sward, 
which had been sown some twelve months earlier with a mixture of A. tenuis 
and T. repens. ‘The results of this experiment are seen in Table VII and Figg. 
In full daylight the addition of both ammonium sulphate, and calcium nitrate 
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TExT-FIG. 6. The effects of light intensity and nitrogen supply on the clover content of a 
sward. For each treatment the changes in area covered are expressed relative to the initial 
content (24:1-27°3 per cent.), which has been taken as 100. (1935. Experiment 3.) 


TaB_e VI 
Changes in Clover Content in Relation to Light Intensity and Nitrogen Supply. 
(Statistical analysis based on regresstons of rate of diminution against time. For 


details see p. 260.) 
1935 Experiment 3. Aug. 13 to Sept. 23 


Nitrogen treatments 
ee eee 
Control. (NH,),SO,. Ca(NO3)2. Mean. 


Light 1-0 daylight . . 00162 0'0324 0°0254 0°0246 
Tieattnents 0-6 daylight . - 0°0339 0'0471 0'0426 o'0412 
04 daylight . Pn O;O5R5 0°0529 0°0283 0'0449 
Mean . ; 1 00345 0°0441 0'0321 —_ 
Significant difference (i) between treatments = 0'0165 
Significant difference (ii) between means of 3 treatments = 0°0095 
(P = 0°05) 


brought about a significant reduction in the clover content. At the lower 
light intensities the nitrogen treatments (except ammonium sulphate at 0-6 
daylight) did not significantly increase the rate of reduction. Nevertheless the 
average effect of both ammonium sulphate and calcium nitrate at the three 
light levels was to suppress significantly the clover. Lowering the light 
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intensity from 1-0 to 0-6 brought about a significant reduction in the clover 
content, more particularly where no nitrogen was given, or where ammonium 
sulphate was applied. At the lowest light level there was no further effect. 
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TEXT-FIG. 7. The effects of light intensity and nitrogen supply on the clover content of a 
sward. For each treatment the changes in area covered are expressed relative to the initial 
content (17°1-19°7 per cent.), which has been taken as 100. (1935. Experiment 4.) 


TaBie VII 


Changes in Clover Content in Relation to Light Intensity and Nitrogen Supply. 
(Statistical analysis based on regressions of rate of diminution against time. For 
details see p. 260.) 


1935 Experiment 4. Aug. 13 to Oct. 3 
Nitrogen treatments 


ar eee 
Control. (NHy,),SO,. Ca(NO3;)2. Mean. 


tight ro daylight . - —o0'0016 0°0132 0°0095 00070 
reatracnts | 06 daylight. : O-O117 00239 0'0149 00168 
0-4 daylight . : 0°0130 O'0172 00208 0°0170 
Mean . 2 -  0:0077 o-o181 O-OI51 — 
Significant difference (i) between treatments = 00109 
Scan ene (11) between means of 3 treatments = 0°0063 
(P = 0-05) 


1936 data. In the spring of 1936 an experiment was carried out on a site 
adjacent to that of the experiment laid down in the previous autumn on the 
sward originally sown with a mixture of A. tenuis and T. repens. In design the 
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experiment was similar to those of 1935, there were three levels of light 
intensity, while the ammonium sulphate and calcium nitrate were again 
applied at the rate of 50 lb. N. per acre. The results of this experiment are 
seen in Table VIII and Fig. 8. With all nitrogen treatments a reduction in 
the daylight intensity from 1-0 to 0-63 significantly decreased the clover, while 
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Text-Fic. 8. The effects of light intensity and nitrogen supply on the clover content of a 
sward. For each treatment the changes in area covered are expressed relative to the initial 
content (18-7—25'1 per cent.), which has been taken as 100. (1936. Experiment 1.) 


TaBLe VIII 
Changes in Clover Content in Relation to Light Intensity and Nitrogen Supply. 
(Statistical analysis based on regressions of rate of diminution against time. For 
details see p. 260.) 
1936 Experiment 1. May 11 to June 30 


Nitrogen treatments 


ee en 
Control. (NH,),5O,4. Ca(NO3).. Mean. 


Twye ize) daylight ; . —0'0297 OrO4I5 ~ 00028 0'0049 
aie dient | 0°63 daylight . rm 010525 0:0862 0:0697 0:0695 
0°39 daylight . : 0:0694 O'II4I 0'0922 0'0919 

Mean . 3 ; 0'0308 00806 0°0549 — 


Significant difference (i) between treatments 00173 
Significant difference (ii) between means of 3 treatments = o-o100 
(P = 0°05) 
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a further reduction to 0-39 caused a further depression. At all three levels 
of light the addition of ammonium sulphate suppressed the clover; at the 
lowest and highest levels this reduction was significantly greater than that 
brought about by calcium nitrate. Calcium nitrate also diminished the clover 
both in full light and in 0-39 light. 

Influence of additional nitrogen on soil reaction. In all the experiments the 
surface layers of the soil were initially approximately neutral. It was realized, 
that while the addition of calcium nitrate would not affect appreciably the 
hydrogen ion concentration, ammonium sulphate would tend to make the soil 
acid. In order to eliminate this difference between the two forms of nitrogen, 
subsequent to each application of ammonium sulphate, calcium carbonate was 
applied a few days later at the rate of 85 gm. for every 100 gm. of ammonium 
sulphate. This ratio was used since it had been found previously at Jealott’s 
Hill (Blackman, 1934), that under these conditions the soil reaction was main- 
tained at the initial level. At the conclusion of the experiment, cores to a depth 
of three inches were taken from each plot and divided into three equal trans- 
verse sections. The samples were air dried and the pH determinations carried 
out by the quinhydrone method, using gold electrodes. 

The results obtained are in agreement with the previous findings, namely, 
that little if any acidity develops when calcium carbonate is added with 
ammonium sulphate. In none of the 1933-5 experiments were the differences 
in pH between treatments greater than 0-5. Even in the 1936 experiment, 
when calcium carbonate was not added, the final differences in pH between 
the soils treated with either ammonium sulphate or calcium nitrate amounted 
only to 0-93 in the first inch, 0-59 in the second, and 0-36 in the third. 

Since in all the experiments the differences in the soil reaction were so 
small, it seems highly improbable that they played any important part in 
bringing about the changes in clover content observed. 

Meteorological observations. Mention has already been made of the differ- 
ences in rainfall occurring during the various experimental periods. In 
Table IX the average daily rainfall together with other relevant data have been 
set out. The soil temperature at a depth of 4 in. (9 a.m. determination), has 
been taken as the most suitable single measure of temperature changes. The 
hours of sunshine were measured by means of a Campbell-Stokes recorder. 

The data show that in two experiments (1933, expt. 1; 1935, expt. 1), the 
rainfall was much below the average. In the 1933 experiment, when the plots 
were not watered, water undoubtedly was limiting growth in the unshaded 
plots. ‘The failure of shading to reduce the clover content (see Table I) may, 
therefore, have been due to water, not light, controlling growth, even though 
the loss of water by transpiration and evaporation was probably restricted to 
some extent by shading. In the 1935 experiment the water factor was un- 
likely to have been operative, since in this experiment the plots received weekly 
additional water equivalent to 0-5 to 1-0 in. of rain. 

There does not seem to be any direct relationship between the effects of 
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reduced light intensity on the clover content and the absolute amount of light 
received during the day. The magnitude of the depression caused by a reduc- 
tion in the light intensity to 0-6-0-63 daylight is in no way correlated either, 
with hours of sunshine, or length of day. In fact in experiments 2-4 of 1935 


TABLE IX 
Meteorological Data 
Expt.no. Soil temperature Rainfall, in. Sunshine, hrs. Length of 
4 in. depth, ° F. per day. per day. day. 
Mean. Standard Mean. Standard Mean. Standard hrs. from 
deviation. deviation. deviation. sunrise to 
sunset. 
1933 expt. 1 6673 2°74 0-008 0024 8-1 3°48 14°78 
1934 5 I 63°9 3°04 0066 = 0139 78 4°97 16°24 
oes ties 5972 2°59 0-085 = 0178 6:5 3°58 14°38 
HOR ge a Oey 2°24 O-ol! 0:028 8-7 4°03 15°94 
e a 00'0 3°62 O'113 0'186 5°4 4°08 13°61 
- » 3 609 3°62 O113 0°186 5°4 4:08 13°61 
ens 4 S87. 4°25 O42 0:209 5°0 3°96 13°40 
193 Ou et 5075 4°99 0:058 O'1I2 6-6 4°64 16:08 


the suppression of the clover (see Tables V to VII) is less pronounced than in 
experiment 1 (Table IV), or in the 1934 and 1936 experiments (Tables II, 
III, and VIII). Moreover, in the single case, where a further reduction of the 
light intensity to 0:39 depressed still more the clover content (1936 experi- 
ment 1), the hours of sunshine were neither the lowest nor the length of day 
the shortest. However the effects of insolation cannot be separated from those 
of temperature. Since temperature is necessarily correlated both with hours 
of sunshine and length of day, shading, as would be expected, brought about 
differences in temperature between the unshaded and shaded plots. A reduc- 
tion in light intensity although unlikely to affect the air temperature under 
the experimental conditions, undoubtedly diminished the direct heating 
effect of both the soil and the herbage. Conversely during the night, the 
screens decreased the rate at which heat was lost. Soil temperature records 
taken at 9 a.m. and 5 p.m. at a depth of 4 in. demonstrated this change in the 
diurnal cycle of temperature. For example in experiment 1, 1935, which 
showed the most marked differences on account of the high average insolation, 
reductions of light intensity to 0-6 and 0-4 of daylight decreased the soil 
temperature by 0-63 and 08° F. at 5 p.m., but increased the temperature by 
0-44 and 0°6° F. at 9 a.m. Although at a depth of 4 in. these differences were 
not very marked, undoubtedly nearer the surface the discrepancies were 
greater. Nevertheless, it is not apparent that such differences in temperature 
played much part in determining the effect of light intensity and nitrogen 
supply on the clover content. For example in 1935, experiments 2 and 3 were 
carried out during the same period on adjacent areas yet the changes in clover 
content were in many respects dissimilar (see p. 265). 
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DISCUSSION 


From the results of this investigation it is possible to draw some general 
conclusions as to the effect on the clover content of variations in light 
intensity, and in nitrogen supply. A lowering of the daylight level to 0-6 and 
0°63 has, in the absence of extra nitrogen, significantly depressed the clover 
content in six out of the eight experiments. Where ammonium sulphate was 
added the decrease in clover content due to the lower light level, was only 
significant in half of these eight experiments. In the seven experiments 
where calcium nitrate was also applied, the same decrease in light intensity 
suppressed the clover significantly in five experiments. Considering the light 
effect apart from the nitrogen factor it is found that in only one of the eight 
experiments was the diminution of clover not significant. Although diminish- 
ing the light intensity to 0-6—-0-63 had such a marked effect, a further reduction 
to 0-39-0'4 did not on the whole show a progressive influence. In the five 
experiments of 1935-6, the average effect of lowering the light intensity from 
the intermediate to the low level was alone significant in the 1936 experiment. 

As to the effect of additional nitrogen on the clover content, the results ob- 
tained in normal daylight are in agreement with previous findings (Blackman, 
1934). The addition of nitrogen tended to suppress the clover; ammonium 
sulphate caused a significant depression in four out of the seven experiments 
of 1934-6, calcium nitrate in three. In six of these experiments the rate 
of diminution brought about by ammonium sulphate was greater than that 
effected by calcium nitrate; but in only two experiments can the difference be 
considered significant. At the light level of 0-6-0°63 increasing the nitrogen 
supply was less effective in suppressing the clover than with full daylight. In 
only three experiments was the depression caused by ammonium sulphate 
significant, and there were only two significant decreases where calcium 
nitrate was added. At this light level in none of the seven experiments was the 
difference between ammonium sulphate and calcium nitrate significant. 

At the lowest light intensity (0-39-0°4) a significant decrease in clover was 
obtained with ammonium sulphate in three out of the five experiments, but 
in only one experiment was the effect of calcium nitrate significant. In con- 
trast with the results obtained at the intermediate light level, the difference 
between ammonium sulphate and calcium nitrate was significant in two out of 
the five experiments. Finally, considering the average effect of additional 
nitrogen over the range of the three light intensities, ammonium sulphate 
brought about a significant decrease in six out of the seven experiments of 
1934-6, and calcium nitrate in four only. In four experiments, the decrease in 
clover caused by ammonium sulphate was significantly greater. 

In seeking to interpret the results of this investigation it seems proper to 
draw a distinction between the direct and indirect effects on the clover. 
Variations of light intensity, and of nitrogen supply may act directly by con- 
trolling its growth; they may also act indirectly through their effects on the 
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growth of the grasses in competition with the clover. Moreover, differences 
in the levels of light intensity and nitrogen supply may alter not only the 
intensity of this competition, but also its nature. 

In the hypothesis stated earlier in this paper it was assumed that a decrease 
in light intensity diminished both the growth and the available carbohydrate 
supply of the clover. Under these conditions therefore, ammonium sulphate 
and calcium nitrate should have divergent effects. At the lower light levels 
ammonium sulphate should bring about greater decreases in the clover con- 
tent than at the high level, since with a deficiency of available carbohydrates 
the absorbed ammonium ions should more readily reach a toxic concentration. 
On the same hypothesis the effect of calcium nitrate should not be related to 
the light intensity since the accumulation of nitrate ions would not be dele- 
terious. The findings stated in the body of this paper are not, however, in 
agreement with this hypothesis. 

The results show that a decrease of light intensity diminishes the clover 
content. It is considered that this must be a direct effect on the clover unless 
one assumes that the reduction of the light intensity increases the growth of 
the grasses. This supposition is highly improbable since in full daylight the 
marked response of the sward to the added nitrogen (see also Blackman, 1934) 
indicated that the growth of the grasses was limited by nitrogen supply. A 
reduction in clover at low light levels must therefore be associated with low 
carbohydrate reserves.' It would be expected therefore, that the effect of 
ammonium sulphate would be greater, the lower the light intensity. Yet this 
is not the case. Taking the averages for the years 1934-6 the differences 
between the regressions of the control and ammonium sulphate series are 
0:0447 and 0:0323 for full daylight and for 0-6-0-63 daylight respectively. 
Similarly, the figures for the five experiments of 1935-6 are 0-0519, 0°0377, 
0°0302 at the light levels of 1-0, 0-6-0-63 and 0:39-0-4. Evidently the lower 
the light intensity the less effective is the addition of ammonium sulphate in 
decreasing the clover. Comparable data for calcium nitrate contrary to the 
hypothesis show the same trend. Differences between the regressions for the 
control and calcium nitrate series for the three light levels (1-0, 0-6-0°63, 
0°39-0'4 of daylight) are on an average 0:0362, 00229, 00079. Since both 
ammonium sulphate and calcium nitrate behave similarly, a reduction in the 
light intensity does not as was postulated accentuate the differences between 
ammonia- and nitrate-nitrogen. ‘The experiments, therefore, in no way bear 
out the view that the greater reduction of clover brought about by ammonium 
sulphate is primarily due to a toxic accumulation of ammonium ions. 

Apart, however, from any toxic action of ammonium ions nitrogenous 
manuring, with either ammonium sulphate or calcium nitrate, may directly 
bring about a physiological disturbance of the clover through its effect on 
nitrogen fixation. During the last twenty years a large number of workers 

* That reducing the light intensity to 0-4 of daylight decreases both the growth and carbo- 
hydrate content of T. repens and some grasses has been demonstrated in other experiments. 

966.6 T 
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have investigated the relationship between nodule formation and external 
inorganic nitrogen supply. It is not proposed to discuss these investigations 
in detail since the whole subject of legume symbiosis has recently been re- 
viewed by Allison (1935) and Wilson (1935, 1937). It has been demonstrated 
by many workers, that a high external concentration of inorganic nitrogen 
inhibits the formation of nodules. In addition, excess of inorganic nitrogen 
reduces fixation of nitrogen in the nodules already formed (Hopkins e¢ al., 
1932; Thornton and Rudorf, 1936). Hopkins e¢ al. have recorded that even 
at concentrations of nitrate-nitrogen as low as 20-30 p.p.m. nodule formation 
is retarded in 7. pratense, while 160 parts per million is sufficient to suppress 
more or less completely nitrogen fixation. In the present investigation 
nitrate-nitrogen has been added in amounts equivalent to a concentration of 
50-67 p.p.m. in the top 3 in. of oven-dry soil, i.e. the region of the nodule 
bearing roots. In terms of soil water the concentration would be much 
higher, depending upon the soil-moisture content. On a conservative esti- 
mate this initially would be at least three times the concentration based on the 
soil weight, i.e. 150-171 p.p.m. Itis clear, therefore, that the concentration of 
nitrate-nitrogen is at least high enough to interfere with nodule formation if 
not to suppress nitrogen fixation. Under these conditions clover is in active 
competition with the grasses for either the whole or part of its nitrogen 
supply. 

Lemmermann (1907) has put forward the view, supported by Loehwing 
(1937), that leguminous plants are unable to absorb inorganic nitrogen as 
rapidly as the grasses, and therefore, tend to be suppressed, when nitrogen is 
not obtained by fixation. Evidence on the rate of absorption of inorganic 
nitrogen by legumes is scanty. Both Allison (1935), and Thornton (1936), 
consider that inorganic nitrogen can be absorbed fast enough to upset the 
carbon-nitrogen ratio at least in the piliferous layer, and thus inhibit nodule 
formation. ‘They have demonstrated that nodules are only formed if a soluble 
carbohydrate is also added to the external solution. If Lemmermann’s hypo- 
thesis is accepted, it must be assumed that the absorption of inorganic nitrogen 
is fast enough to maintain an unfavourable carbon-nitrogen ratio in the pili- 
ferous layer, but not fast enough to provide the nitrogen necessary for maxi- 
mum growth. To render this hypothesis tenable it seems necessary to make 
further assumptions. If the transference of nitrogen from the piliferous 
layer to the conducting tissues takes place at a slow rate, then sufficient nitro- 
gen may not be translocated to the shoot unless the concentration of inorganic 
nitrogen in the root-hairs reaches a level much in excess of that required to 
prevent nodule formation. Again, one might put forward the view that in the 
absence of nodules, the transport of carbohydrates to the piliferous layer 
takes place at a slower rate, so that a lower level of nitrogen accumulation 
might inhibit nodule formation. Conditions under which sufficient nitrogen 
for growth can be obtained would seem to entail a high concentration of 
nitrogen, both in the external solution, and in the piliferous layer. 
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Evidence that the uptake of inorganic nitrogen is slow under conditions 
unfavourable for nitrogen fixation is available from unpublished work. It has 
been found that even when the amount of ‘nitrogen fixed’ is markedly reduced 
by lowering the light intensity, the addition of large quantities of inorganic 
nitrogen to the soil never leads to a large accumulation of nitrogen in the 
tissues. Grasses on the other hand under the same experimental conditions 
accumulate considerable amounts of nitrogen. 

That the suppression of clover by nitrogenous manuring is associated with 
the reduction of nitrogen fixation is supported by the findings of a previous 
investigation (Blackman, 1934). It was there found that while an application 
of sucrose alone to the sward had no effect on the clover content, the addition 
of sucrose to either calcium nitrate or ammonium sulphate diminished very 
materially the rate at which the clover was reduced by nitrogen alone. On the 
basis of Allison’s (1935), and Thornton’s (1936) investigations it would be 
expected that the addition: of sucrose would prevent the inorganic nitrogen 
from interfering with the formation of nodules. Furthermore, since the con- 
centration of inorganic nitrogen in the soil was depressed to some extent by 
the application of sucrose, conditions more favourable to nodule formation 
would have been created. 

The evidence so far cited suggests that the suppression of clover in the 
sward by nitrogenous manuring is brought about in two stages. Firstly, the 
high external level of inorganic nitrogen reduces nodule formation. Secondly, 
as a result of the absence of nodules insufficient nitrogen is absorbed for 
maximum growth. In regard to the second supposition, there are several 
difficulties. In the first place Thornton and Nicol (1934) have demonstrated 
that while the addition of sodium nitrate to lucerne (1-3 gm. per 20 kg. sand) 
had no adverse effect on growth, the same quantities of nitrogen applied to 
lucerne growing in association with Lolium perenne depressed its growth. In 
a later paper (1936) they also showed that such a concentration of nitrogen 
interfered with nodule formation when lucerne was grown alone. Moreover, 
Williams (1932), and Caldwell and Richardson (1936), found that ammonium 
nitrate and ammonium sulphate had no appreciable effect when applied to 
T. repens. In addition it will be demonstrated in a later paper that both 
ammonium sulphate and calcium nitrate applied under conditions very 
similar to these experiments did not depress the growth of clover. ‘These 
findings, therefore, suggest that the depression of the clover by nitrogenous 
manuring is necessarily related to the presence of grasses. 

It has been pointed out already that on the evidence of other experiments, 
T. repens does not absorb inorganic nitrogen as readily as do some grasses. 
When, therefore, inorganic nitrogen is added to clover growing alone, the 
external concentration of nitrogen will fall but slowly. Grasses on the other 
hand reduce the concentration very rapidly (Blackman, 1934). In the present 
series of experiments, the concentration of inorganic nitrogen in the soil 
would reach a peak immediately after each weekly application and then fall off 
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during the week. It is possible, that under such conditions of fluctuating con- 
centration, nodule formation may not be initiated immediately the concentra- 
tion falls from a high to a low level. If this is so then such fluctuations might 
still inhibit nodule formation, although the mean concentration might not. 
Moreover, with a sharply decreasing external concentration due to the presence 
of grasses, the internal concentration of nitrogen in the piliferous layer would 
not be maintained at a high level for a long period. As a result the amount of 
nitrogen reaching first the conducting tissue and finally the shoot might limit 
the growth of the aerial tissues. 

There are however, two other ways in which the presence of grasses might 
interfere with nitrogen fixation. It has already been demonstrated (1934) that 
under conditions of these experiments the growth of the grasses is markedly 
increased by applications of nitrogen. This extra growth is likely to be asso- 
ciated with an increased output of carbon dioxide by the roots. This higher 
concentration of carbon dioxide might have an adverse effect on nodule 
formation. The smaller, therefore, the extra growth of the grasses produced 
by increased nitrogen supply, the less their effect in increasing the carbon- 
dioxide concentration. There remains the further possibility that the roots 
of the grasses besides carbon dioxide excrete some substance that inhibits 
nodule formation. Thornton (1929) has shown in the case of lucerne, that 
some substance which stimulates the nodule bacteria is excreted prior to 
nodule formation. It is possible that the grasses excrete an inhibitory sub- 
stance in a similar way. ‘The main objection to this hypothesis is that the rate 
of excretion must be bound up with active growth. It cannot be associated 
merely with increasing nitrogen supply, since under conditions in which 
growth is restricted by light intensity, additional nitrogen has little effect in 
suppressing the clover. 

So far in this discussion the possible effects of additional nitrogen have been 
considered generally. The question now arises why ammonium sulphate 
depresses the clover more than calcium nitrate. Firstly, ammonia-nitrogen 
may be more effective than nitrate-nitrogen in the suppression of nodule 
formation and nitrogen fixation. Secondly, the inhibition of nodule formation 
may be due to the higher carbon-dioxide content of the soil due to increased 
respiration of the actively growing grasses. There is evidence both from past 
experiments (Blackman, 1934), and unpublished work that in full daylight 
under a system of constant cutting, ammonium sulphate increases the yield 
of a number of grasses more than calcium nitrate. Grasses therefore, growing 
in a sward manured with ammonium sulphate may compete more actively 
with the clover for nitrogen, and excrete more carbon dioxide. In addition, 
differences in the rate of growth brought about by ammonium sulphate, and 
calcium nitrate might differentially suppress the clover if competition was 
governed by other factors such as water, light, and nutrients other than 
nitrogen. Competition for water and light can be dismissed as unimportant. 
Except in 1933, the plots were frequently watered, while the herbage was cut 
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at such short intervals as to preclude any shading of the clover by the grasses. 
There remains, therefore, the possibility of competition for calcium, phos- 
phorus and potassium. Competition for calcium seems unlikely since the 
experiments were carried out on neutral soils. In the case of ammonium 
sulphate the calcium carbonate, added in order to maintain the pH of the soil, 
at the same time supplied calcium in similar amounts to that added in the 
calcium nitrate. Competition for potassium and phosphorus again seems im- 
probable. Firstly, numerous experiments on grassland at Jealott’s Hill have 
shown that the application of potassic or phosphatic fertilizers, neither in- 
creases the yield nor encourages the development of clover. Secondly, the 
1936 experiment, which showed the most striking differences between treat- 
ments was laid down on what had been a well established kitchen garden, 
with a very fertile soil. Thirdly, it has been demonstrated previously (Black- 
man, 1934), that at Jealott’s Hill ammonium phosphate suppresses clover at 
the same rate as ammonium sulphate. 

From the foregoing discussion it seems evident that the nature of the com- 
petition between grasses and clover will be dependent on the light intensity. 
It is clear that at all light levels, neither ammonium sulphate nor calcium 
nitrate has a direct effect on the clover except in so far as they affect nodule 
formation. The greatest depression of the clover occurs in daylight, where the 
response of the grasses to an increased nitrogen supply is largest. On the 
hypothesis advanced this suppression is likely to be associated with (i) com- 
petition for nitrogen resulting from a reduction of nitrogen fixation, and (ii) 
an increased carbon-dioxide content of the soil atmosphere due to respiration 
by the roots of the actively growing grasses. The superiority of ammonium 
sulphate over calcium nitrate in diminishing the clover may be attributed to 
(i) a greater depressing effect of ammonia-nitrogen on nodule formation, (ii) 
the more active growth of the grasses manured with ammonium sulphate, and 
in consequence a higher output of carbon dioxide, and a larger uptake of 
nitrogen. ‘The comparative failure of additional nitrogen to suppress the 
clover under conditions of low light intensity may be attributed to the smaller 
response of the grasses to nitrogen. In fact it will be shown in a later paper 
that at light intensities of approximately 0-4 daylight the addition of ammo- 
nium sulphate, and more particularly calcium nitrate may actually depress 
growth. 

Although this investigation has been primarily concerned with frequently 
defoliated swards, conclusions can be drawn as to the factors controlling the 
clover content under other sets of conditions. In these experiments the 
quantities of inorganic nitrogen added, and the consequent soil concentrations 
have been far in excess, either of those normally employed in agriculture or 
found occuring naturally in soils. It seems improbable that small quantities 
of nitrogen added at infrequent intervals will have if any but a transitory 
effect on nitrogen fixation. It is, therefore, not surprising that the clover 
content of a sward can be maintained in spite of normal nitrogenous manuring, 
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provided that it is frequently defoliated (Jones, 1933; Blackman, 1933). In- 
frequent defoliation on the other hand leads to the shading of the clover by the 
taller growing grasses, while the degree of shading will be dependent on their 
height and density. These experiments have shown that under conditions of 
frequent defoliation, which are favourable to the clover, 2 reduction in light 
intensity has an adverse effect on the clover content of the sward. Although 
it does not necessarily follow.it seems probable that the light factor is still 
operative even when the clover is less frequently defoliated. Small quantities 
of nitrogen may therefore, indirectly suppress the clover since the nitrogen 
will increase the height and density of the grasses, and thereby increase the 
degree of shading. ~ 

Finally, for an adequate explanation of the results obtained in this investi- 
gation it has been necessary to put forward a number of assumptions, particu- 
larly assumptions concerning the process of nitrogen fixation. It is hoped in 
some cases to test these speculations by direct experimentation. 


SUMMARY 


The effects of variations both in light intensity, and nitrogen supply on the 
Trifolium repens content of Agrostis spp. dominant swards have been studied 
over a period of four years. Some eight experiments were carried out on four 
swards frequently defoliated in order to maintain conditions favourable to the 
clover. In each experiment additional nitrogen either as calcium nitrate or 
ammonium sulphate was added weekly at the rate of 37-5—50-0 lb. nitrogen 
per acre. Differences in light intensity were maintained by permanently 
shading the appropriate plots with butter muslin stretched one or more layers 
thick on wooden frames. Estimates of the clover content were made weekly, 
and the data analysed statistically by the method of covariance. 

In seven out of eight experiments, the clover content fell markedly when 
the light intensity was reduced to 0-6-0:63 of daylight. In the five experi- 
ments where the light intensity was further reduced to 0-39-0-4 the content 
was decreased still more in only one experiment. 

With decreasing light intensity the effects of additional nitrogen were less 
pronounced. Under the conditions of normal daylight, ammonium sulphate 
depressed the clover in four out of seven experiments, and calcium nitrate in 
three; in two of these experiments ammonium sulphate diminished the clover 
more than calcium nitrate. At the light level of o-6-0-63, ammonium sulphate 
decreased the clover in three experiments and calcium nitrate in two. In none 
of the experiments were the effects of ammonium sulphate and calcium 
nitrate significantly different at this light intensity. At the lowest light level 
(0:39-0°4) ammonium sulphate brought about a reduction in three out of five 
experiments, and calcium nitrate in one. Ammonium sulphate was signifi- 
cantly different from calcium nitrate in two experiments. 

On the basis of both these experiments and data as yet unpublished, it is 
concluded that the decrease in clover content brought about by shading is a 
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direct effect, and is not related to competition with the grasses. On the other 
hand the reduction in clover associated with additional nitrogen is primarily 
due to such competition. The intensity of this competition is linked with the 
active growth of the grasses, and is therefore greatest under conditions where 
light is not limiting their growth. The nature of this competition is obscure, 
it is suggested that competition for nitrogen plays a part, since with a high 
external concentration of inorganic nitrogen, nitrogen fixation will be at a 
minimum. It is concluded that the greater reduction in the clover content 
brought about by ammonia-nitrogen as against nitrate-nitrogen can in no way 
be associated with a direct toxic effect of absorbed ammonium ions. An alter- 
native explanation is advanced. 

In these experiments, very large quantities of inorganic nitrogen have been 
added to the sward. If small amounts are added nitrogen is likely to have 
little effect in determining the clover content. Where defoliation is infrequent, 
competition for light will predominate. Under these conditions small quanti- 
ties of nitrogen may further depress the clover, since the increase both in 
height and in density of the grasses will lead to a greater shading of the more 
prostrate clover. 

The author is indebted to Imperial Chemical Industries for permission to 
publish the results of the earlier experiments. He wishes to thank Messrs. 
W. G. Templeman and A. A. Ayres for their help in the field. He is also 
grateful to Mr. M. S. Bartlett for assistance in the statistical interpretation of 
the data. 
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INTRODUCTION 


N studies where the major spiral of the chromonema in the first division 
of meiosis has been clearly seen it has generally been found that the direc- 
tion of coiling may change somewhere throughout the length of the chromatid. 
Such changes are most common at the attachment (Sax (1935), on Rhoeo dis- 
color and Tradescantia; Matsuura (1935), on Trillium kamtschaticum; Huskins 
and Smith(1935), on Trillium erectum). Sax and Humphrey (1934), and Nebel! 
and Ruttle (1936), have found some interstitial changes in Tradescantia. 
Taylor (1931) illustrated several, without comment, in Aloe. Sax found that 
in Rhoeo such changes are rare. Trillium erectum and Trillium kamtschaticum 
apparently may have numerous changes in direction of coiling occurring at any 
point along the length of the chromatid. Huskins and Smith, Sax and Hum- 
phrey, and Nebel and Ruttle suggest that these interstitial changes may be due 
to chiasmata. Huskins and Smith make this suggestion on the grounds that there 
are roughly twice as many changes as chiasmata, if those at the attachment 
are excluded. They point out, however, that reconstructions of the chiasmata 
from anaphase chromosomes do not explain all the observed changes. 
There are three obvious factors which could cause changes in direction 
of the major coil: (1) chiasmata, (2) the attachment, and (3) random changes 
which may be expected to be proportional to the number of gyres which the 
chromonema forms. It has been shown (Huskins, Wilson, et al., 1937) from 
comparisons of normal synaptic, desynaptic, and asynaptic Trillium that all 
three factors play a part. The detailed data are here presented. 


MATERIALS AND METHODS 
Many of the data on normal Trillium are from Huskins and Smith, and 
direct measurements of chromosome lengths were made from the slides on 


! These and other related studies were made possible by the generosity of the Rockefeller 
Foundation in providing funds for controlled temperature chambers and other equipment. 
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which their paper was based. Additional data on the normal chromosomes 
were supplied by Dr. A. W. S. Hunter (1937), who worked in part on the 
same material as Huskins and Smith. Dr. Hunter also contributed the data 
on the asynaptic material. 

The studies of the desynaptic material were made on a plant which had 
gone through the post-diplotene stages at a temperature of 9° C. This plant 
was one of a series which were exposed to various temperatures from 0° C. 
to 36° C. in an attempt to determine the effects on meiosis. ‘That it was 
actually desynaptic and not asynaptic is shown by the fact that in most cells 
some chiasmata were not completely resolved and in others the positions of 
the chromatids indicate closer association in earlier stages. That it was not 
normal is shown by the fact that even as early as metaphase sister chromatids 
were separated. 

Staining was according to the standard iodine crystal-violet procedure 
after fixation in La Cour’s 2BD. This procedure was also used in the normal 
preparations of Huskins and Smith and of Hunter. The asynaptic studies 
were made on aceto-carmine preparations. 

Observations were made with a Zeiss 120X, 1:3 N.A., and a Zeiss gox, 
1-3 N.A. objective combined with 15 x and 7x oculars. 


DaTA 
Normal synaptic material. 

The chromonemata of the anaphase chromosomes of Trillium erectum shown 
in Pl. II, Fig. 18, of Huskins and Smith (1935) have forty-five changes in 
direction per cell. The chiasma frequency of this material is given as 17°15 
per cell at late diakinesis, but the authors point out that the individual 
chromonemata were not followed through the chiasmata in obtaining this figure. 
The number of half gyres per chromatid has been calculated from Huskins 
and Smith’s figures, and it has been found that the mean number per five 
chromatids (one each of chromosomes A, B, C, D, and E) is 116. There is 
practically no variation between chromatids of the same chromosome. 

Hunter has contributed similar data which agree very well with those 
given above. He reports forty-seven changes in direction for one cell, of 
which the entire complement was analysed at anaphase. He gives 15-8 as 
the mean chiasma frequency at metaphase of this material in which chroma- 
tids were followed individually through chiasmata. The total number of 
half gyres for five chromatids has been determined in this cell and found to 
be 118. 

Further calculations were made on twenty-six isolated chromosomes drawn 
by Hunter. The figures obtained from these calculations were 115-9 half 
gyres per set of five chromatids and 45-8 changes in direction per set of five 
bivalent chromosomes. 

‘Chromosome lengths’ (as distinct from chromonema lengths) were cal- 
culated from the illustrations in Huskins and Smith’s publication and were 
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also measured directly from the original slides with a micrometer. The total 
length per five chromosomes was found to be about 61-5 by calculation from 
the twelve anaphase chromosomes shown in Huskins and Smith’s Plate II. 
Direct measurements of twenty-seven chromosomes gave a mean length per 
five chromosomes of 60-0 with practically no deviation from the mean. 


Desynaptic material. 


Complete sets of chromosomes were very clear in two cells of this material 
(Pls. X, XI, XII, Figs. 1-7), so that all twenty chromatids in each cell could 
be drawn with considerable accuracy. One of these cells had thirty-three 
changes in direction and the other had thirty-four. 

Counts of the changes in direction in chromatids of a number of other cells 
in which the entire complement could not be drawn accurately indicated that 
the two complete cells studied were typical and that the consistency of the 
results was not due to coincidence. 

The first cell had an average of sixty-nine half gyres per five chromatids, 
while the second had sixty-six. 

The total mean length of the five chromosomes measured directly was 
36°34. The diameter of the gyres was the same as the synaptic, i.e. about 
I°5p. 

No significant figures on the chiasma frequency could be obtained since 
in all cells the chiasmata were at least partially resolved at stages obviously 
well before anaphase. 


Asynaptic material. 

Hunter reports two types of asynaptic cells in his material, one having no 
association between homologous chromosomes (type 1) and the other having 
no association between either homologous chromosomes or sister chromatids 
(type 2). 

No cells of type 1 were found in which all the chromatids could be studied 
accurately, but calculations on a number of chromosomes from different 
cells gave an average of thirty changes in direction per cell and 144 half 
gyres per set of five chromatids. 

One cell of type 2 was found in which the complete chromatid complement 
could be studied. In this there were forty-two changes in direction and 209 
half gyres per five chromatids. 

Since these studies were made on aceto-carmine preparations, chromo- 
some measurements are not comparable to those of the synaptic and desynap- 
tic material. There is, however, good evidence that the number of gyres may 
be used as a substitute for length; the ratio of the number of half gyres to 
the total length of five chromatids is the same for the synaptic and desynaptic 
materials (Table II) and the same relation holds for the two types of asynaptic 
material (‘Table ITI). 

A summary of the data from all types of material studied is given in Table I. 
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TABLE II 


Relation between Number of Half Gyres and Chromosome Length, 
2 BD Fixation 


? No. half gyres Chromosome length No. half gyres 
Material. (five chromatids). (five chromatids). Length. 
Synaptic 116°5 60:0 18 
Desynaptic 66:5 36°3 18 

TABLE III 


Relation between Number of Half Gyres and Chromosome Length, Aceto- 
carmine Material 


; No. half gyres Chromosome length No. half gyres 
Material. (five chromatids) (five chromatids) Length 
-_ {Type 1 144 738 1-9 
Ssvnapae Type2 209 99°6 2-0 
TABLE IV 


Relation expected between Number of Chiasmata and Changes of Direction 
of Cotling, on Various Assumptions 


1a. Direction of coiling random 


and changes optional at chiasmata Chiasmata : changes = 1 : 1 
5. Direction of coiling random 
and changes obligatory at chiasmata Chiasmata : changes = 1 : 2 
2a. Direction of coiling opposite 
and changes optional at chiasmata Chiasmata : changes = 1: I 
b. Direction of coiling opposite 
and changes obligatory at chiasmata Chiasmata : changes = 1 : 2 
3a. Direction of coiling the same 
and changes optional at chiasmata Chiasmata : changes = 1: 1 
6. Direction of coiling the same 
and changes obligatory at chiasmata Chiasmata : changes = 1 : 2 
DISCUSSION 


‘Huskins and Smith (1935) observe that the number of changes in direction 
(omitting those associated with the attachment) are approximately equal to 
twice the chiasma frequency, which might suggest that chiasmata are the 
causes of such changes. On this assumption they have reconstructed meta- 
phase figures from the anaphase chromosomes in an effort to find out whether 
or not all interstitial changes in direction could be explained as being due to 
chiasmata. They found that a certain number of changes definitely did not 
fit this hypothesis, and these must have some other explanation. It, never- 
theless, seems probable that chiasmata do in some measure affect the number 
of changes in direction. Since coiling begins after chiasma formation (Hus- 
kins and Smith) chiasmata may be looked upon as points of interruption in 
the coiling and would be expected to affect the direction of coiling in one of 
six ways. The direction of coiling in the two chromatids involved in a chiasma 
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(homologues on the partial chiasma-type hypothesis) might in any given seg- 
ment be (1) random, (2) opposite, (3) the same. In each of these cases changes 
in direction of coiling might be (a) optional, (b) obligatory. 

Alternatives 1a, 2a, and 3a all give 1:1 ratio of chiasma frequency to 
number of changes in direction while 15, 2b, and 36 give a 1 : 2 ratio (see 
Table IV). It follows that postulates number 15, 2b, and 36 all account fairly 
well numerically for the interstitial changes in direction, and this number 
added to approximately ten changes associated with the attachments (since 
there is evidence that these changes are random) gives an expectation of 
forty-two to forty-four changes as compared with forty-six and forty-seven 
observed. ‘Two of these possibilities (2b and 3b) are definitely ruled out by 
observation since we have found on detailed analysis, contrary to a previous 
(1935) general impression, that the direction of coiling is not predominantly 
opposite (or the same) in paired segments. For the same reason alternatives 
2a and 3a must also be rejected. This leaves only alternatives 1a and 15 to 
consider in detail. The latter, as pointed out above, gives a good numerical 
fit but as a working hypothesis has two serious faults: (1) many observed 
changes in direction in anaphase chromonemata cannot be explained by any 
reconstruction of antecedent metaphase chiasmata (Huskins and Smith, 
1935); (2) asynaptic material, which never had chiasmata, has a relatively 
large number of changes. 

On alternative 1a a chiasma frequency of seventeen would be associated 
with seventeen changes in direction. This added to an assumed number of 
ten changes associated with the attachments would give a total of twenty- 
seven changes compared to forty-six and forty-seven observed, leaving twenty 
to be accounted for in some other way. 

Table V shows the number of changes in direction observed in the three 
types of material studied and the number expected on alternatives 1a and 1b. 

If most of the changes in direction were due to chiasmata then we should 
expect only about ten changes per cell in the asynaptic material, whereas there 
are three to four times this many. 

The fact that there are more changes in direction in the longer asynaptic 
chromosomes (type 2) than in the shorter (type 1) leads one to suspect that the 
number of changes (with the exception of those associated with the attach- 
ments) may vary with the length of the chromonema or with the number of 
gyres. If this is so, then the fact that in type 1 asynaptic there are about 144 
half gyres (per set of five chromatids) associated with twenty changes in direc- 
tion (omitting ten assumed to be due to the relative independence of chromo- 
some arms on either side of the attachment) then 116 half gyres in normal 
synaptic material should be associated with seventeen changes. This is much 
lower than the number observed, but it will be noted (Table VI) that if we 
add this number to that assumed to be associated with the attachments and 
to the number expected on alternative 1a we get a total of forty-four changes 
which agrees very well with the observed frequency. 
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From the above results it is deduced that three factors are involved in the 
causation of changes of direction in the major coil of the meiotic chromonema 
in Trilhum erectum: (1) chiasmata which cause a number of changes per cell 


TABLE V 


Number of Changes in Direction per Cell Observed and Expected on 
Alternatives 1a and b 


No. of changes No. of changes 
expected on expected on No. of 
' Chiasma alternative 1a alternative 15 changes 

Material frequency (xta-+ attach.) (xta-+ attach.) observed. 
Synaptic: 

H. and S. 17°15 27 (17-+10) 44 (34+ 10) 45 

Hunter 15'8 25-26 (15, 16+ 10) 40-42 (30, 32+10) 47 
Desynaptic: 

Cell No. 1 indeter- — — ae 

Cell No. 2 minable — — 34 
Asynaptic 

Type 1 ° 10 (attach.) 10 (attach.) 30 

Type 2 ° 10 (attach.) 10 (attach.) 42 

TABLE VI 


The Number of Changes in Direction assumed to be associated with 
Chiasmata, the Attachments and the Number of Gyres 


No. of changes 


Expected from alternative 1a (normal material) 17 
Expected to be associated with the attachments . : : ; 10 
Expected to be proportional to the number of gyres_ : : 17 
Total . : : 5 ; s ; : : ; : 44 
Observed in normal material . : : : . ; - 45 and 47 


approximately equal to the chiasma frequency; (2) the attachment which 
allows the direction of coiling to be random in chromosome arms thus giving 
a number of changes about equal to half the number of chromatid attach- 
ments (Hunter on Trillium and Nebel and Ruttle on Tradescantia); and (3) 
the length of the chromonema and chromosome which are correlated with 
the remaining number of changes. This latter factor will be analysed further 
in a subsequent communication.! 

The changes in direction observed in the asynaptic material also fit in with 
this hypothesis, but in this case the chiasma factor is, of course, eliminated. 

The desynaptic material provides a further test of this hypothesis. It will 
be noted (Table I) that the number of half gyres per five chromatids is very 
much lower in it than in either the normal or asynaptic, and that the number 
of changes is also lower than normal and lower even than the second asynaptic 
type which has particularly long chromonemata. On the hypothesis being 

! Dr. M. J. D. White has recently shown us changes of direction elsewhere than at the 


attachment in mitotic (spermatogonial) chromosomes of a grasshopper; obviously these 
cannot be due to chiasmata. 
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considered there are three possible explanations for this fact: (1) A departure 
from randomness in the number of changes associated with the attachments; (2) 
a lower chiasma frequency than normal; and (3) the smaller number of gyres. 

From direct observation it seems that there is no great departure from 
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Diagrams illustrating reconstruction of possible chiasmata of the five bivalents shown in 
Pl. I, Fig. 1, assuming that sister chromatids are always associated at their attachments; 
——  dextrorse coiling, sinistrorse coiling. 


W 
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randomness in the number of changes at the attachments. The chiasma 
frequency was indeterminable in this material as there were no stages early 
enough to show chiasmata before the chromosomes had at least partially 
separated. A number of cells were found (PI. XII photomicrographs 8-11), 
however, in which chiasmata were still present, but never more than one or 
two per bivalent, and in most cases these were on the point of being resolved 
by passing off the ends. In one cell (photomicrograph 11) there were five or 
six such chiasmata. We may therefore assume that there was a chiasma 
frequency of not less than five per cell. Since bivalents with two chiasmata 
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were often encountered we must assume that the mean chiasma frequency was 
greater than five, but no upper limit can be set. 

The text-figure is a diagrammatic reconstruction of the five bivalents so made 
that chiasmata might explain as many changesas possible. The only restriction 
adopted in this reconstruction was that sister chromatids were assumed to be 
associated at their attachments. It will be seen here that twenty changes 
could be caused by the sixteen chiasmata which can be assumed on this basis. 


TaBLe VII 


The Ratios of the Number of Changes in Direction per Cell to the Number 
of Half Gyres per Five Chromatids 


Assumed no. of Remaining 
Total changes. changes due to Remaining changes. 

Material. No. half gyres. xta. and attach. changes. No. half gyres. 
Synaptic 0°39 27 (17-+10) 20 O'17 
Desynaptic 0°50 27 (17-+10) a) o'10 
Asynaptic: 

Type 1 O'21 10 (attach) 20 O13 

Type 2 0°20 To (attach) 32 O15 


This agrees much better with the 1:1 expectation than with the 1:2 
alternative. 

On the assumption that a certain number of changes are associated with 
the number of gyres and that all (with the exception of those associated with the 
attachments) in the asynaptic chromosomes are of this type, then the sixty- 
six half gyres of the desynaptic type should be associated with about nine 
changes. ‘This would leave about twenty-four changes, of which ten would 
occur at the attachments and fourteen would have to be accounted for by 
chiasmata. The mean chiasma frequency of normal material was found to be 
sixteen to seventeen, and it is possibly somewhat lower in the desynaptic 
material. 

It therefore appears that the desynaptic material also fits this hypothesis. 

If the hypothesis is correct it must satisfy the following tests. On it we can 
divide the causes of changes in direction into two types; one type (associated 
with chiasmata and the attachments) being relatively stable with reasonable 
variations relative to chromosome length, and the other varying markedly and 
directly with the number of gyres. If this is true then the ratio of total changes 
to the number of half gyres per set of five chromatids should be much greater 
in the shorter desynaptic chromosomes than in the synaptic since the rela- 
tively stable type of cause is more significant in the former. Also, if we 
eliminate those changes due to the relatively stable, type of causes, the ratio 
of the remaining changes to the number of half gyres per five chromatids 
should be the same in synaptic, desynaptic and asynaptic material. ‘These 
calculations are presented in Table VII. The assumptions made in construct- 
ing this table were: (1) that in each type of material ten changes per cell were 

966.6 U 
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associated with the attachments and (2) that the chiasma frequency of the 
desynaptic was the same as that of the normal synaptic. If the second 
assumption is slightly in error, as is probable, and the chiasma frequency of 
the desynaptic material at the time of initiation of coiling was slightly lower 
than normal then the ratios for all types of material would be in relatively 
close agreement. 


CONCLUSIONS AND SUMMARY 


From the foregoing analysis of the data gathered from synaptic, desynaptic, 
and two types of asynaptic Trillium it would seem that changes in direction 
of the major coil are associated not only with chiasmata and the attachments, 
but that their frequency also varies with the number of gyres per chromatid. 
An hypothesis which appears to fit the data is formulated as follows: (1) 
Chiasmata may cause a number of changes equal to the chiasma frequency. 
(2) The direction of coiling is random on either side of the attachment; this 
will cause half as many changes in direction as there are chromatid attachments. 
(3) The remaining number of changes is proportional to the number >f gyres. 
These changes must be due to some factor associated with the gyre frequency. 
The possible nature of this factor will be considered in a subsequent paper. 
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EXPLANATION OF PLATES X TO XII 


Illustrating Professor C. L. Huskins and Mr. G. B. Wilson’s paper on ‘Probable Causes 
of the Changes in Direction of the Major Spiral in Trillium erectum L. 


PLATE X 


Magnification 5,000 


_Fig. i (A-E). Complete complement of a desynaptic cell drawn for analysis of changes in 
direction. The ‘tertiary’ split is shown in several chromatids. 
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PLATE XI; 


Magnification 5,000 


Fig. 2 (a-E). Complete complement of a second desynaptic cell. 
Fig. 3. A reconstruction of the cell analysed in Fig. 1. Cf. photomicrograph, Fig. 4. 


PLATE XII 


Photomicrographs. Magnification about 2,500 


Fig. 4. The desynaptic cell analysed in Fig. 1. Probably early anaphase. 
Figs. 5, 6, and 7. Three levels of the cell drawn in Fig. 2. 
Figs. 8, 9, and 10. Three cells showing chiasmata on the point of being resolved. 


Fig. 11. A cell showing chiasmata on the point of being resolved in each of the five bi- 
valents. 
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Possible Action of Phytohormones as Root-determiners 
BY 


H. W. HOWARD 
(School of Agriculture, Cambridge) 


With twelve Figures in the Text 


1. INTRODUCTION 


4 eae are obviously two possible explanations of the fact that the 
meristems produced by treating the stems of plants with phytohormones 
develop into roots and not shoots. The first is that the phytohormones also 
act as ‘root-determiners’, i.e. they cause the meristem to develop into a 
root rather than a shoot. The second is that the meristems so induced, 
being formed from the cambial regions, are internal and not external, 
the normal origin of shoots being exogenous and of roots endogenous. 
Thus Tincker (1937) has suggested that the pressure of the tissues sur- 
rounding these new meristems might mould the parenchyma into cylindrical 
roots. 

The following experiments and observations suggest that the phyto- 
hormones act as root-determiners. In fact, when the formation of meristems 
has been stimulated by a dose of hormone, adventitious shoots instead of 
roots may be formed in the absence of a further supply. Normal axillary 
buds, or parts of them, have also been observed to grow into roots when 
hormone was applied to the stem. 


2. EXPERIMENTAL TECHNIQUE 


It has been shown in various investigations that phytohormones are 
manufactured in developing buds and leaves, e.g. Went (1929), Thiman 
and Skoog (1934), and Avery (1935). From these situations they move 
morphologically downwards. Thus, for example, root development is 
stimulated at the base of a cutting. In most of the experiments here to 
be described decapitated plants, as shown in Fig. 1, were used. These plants 
have a region of stem higher than buds or leaves. 

The investigation to be described was part of an attempt to obtain tetra- 
ploid Brassicae by somatic doubling and so the plants used were seedlings 
of kale, Brassica oleracea. They were decapitated when they had two to four 
large leaves. At the same time the axillary buds were removed, but this opera- 
tion was not always complete and axillary buds were then removed at later 
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horseshoe-shaped reservoir made of plaster of paris cemented to a sheet of 
glass. ‘The opening in the plaster was sufficient to allow of the stem passing 
through it and was rendered watertight with vaseline. The stem lay hori- 
zontally on the glass plate under the microscope and a suitable bubble being 
found its length was measured at short intervals by means of an eyepiece 
micrometer. 

When the leaves were retained on the piece of stem examined it was found 
that most bubbles moved more or less rapidly up the vessels. This rendered 
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measurement difficult and sometimes impossible, so the procedure was 
modified so that after removing the epidermis from one side of an inter- 
node the latter was cut out from the rest of the plant. The basal surface was 
then dried and a bubble of air drawn in by sucking the apical end; the inter- 
node being immediately placed on the glass plate as before. In the figures only 
the three curves of Fig. 1 which are shown with arrows attached are of bubbles 
in stems with the leaves attached, the others being in stem internodes only. 

Stems killed with chloroform were immersed in chloroform-saturated 
water overnight and then washed for some hours in tap-water. Those killed 
in boiling water were boiled for an hour and then either immersed in air- 
saturated water overnight or placed directly in a bottle with the water in 
which they were boiled. The bottle was immediately corked and cooled 
rapidly to room temperature. Stems killed by boiling were so soft that it was 
found more convenient to crush the stem between two glass plates after the 
air bubble had been drawn in than to mount it as described for other material. 
This method also had the advantage that the plates served to exclude air 
when it was desired to keep the tissues in air-free water. 

Semipermeable collodion tubes were prepared by immersing pieces of 
34 s.w.g. bore copper wire in ‘collodium flexile’, withdrawing them and allow- 
ing the collodion to dry. The wires were then immersed in 75 per cent. 
alcohol to render the collodion coating permeable, after which they were 
placed in dilute nitric acid solution until the wire was dissolved, when the 
tubes were rinsed several times in water. Air was admitted to the tubes so 
formed by laying short lengths of tube on a slide and allowing them to dry 
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slowly, when a bubble of air would enter at one or other end. The tube was 
then immediately immersed in water and the size of the bubble measured as 
already described. 

Where bubbles of oxygen or nitrogen were used in place of air, scraped 
internodes were cut out under water and the basal end of each pushed into a 
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tube delivering the required gas. As it was not possible in this case to dry the 
cut surface it was found necessary to allow the gas-jet to impinge on the 
surface for some time to ensure the entry of bubbles of the gas into the 
vessels. 

3. RESULTS AND DISCUSSION 


The rate of disappearance of gas bubbles was determined under eight 
different conditions, of which six are shown in the figures. 

Fig. 1 shows the change in size of air bubbles in tissue which had been kept 
in the light for twelve hours and which was illuminated during the experi- 
ment, i.e. there was a lamp focused on the internode in its position under the 
microscope and the microscope lamp was left on continuously. As already 
stated, the three curves with arrows were of bubbles in a stem to which the 
leaves and apex were attached. The tail of the arrow shows the position when 
the bubble began to move and the head marks the time when it became station- 
ary again.' Fig. 2 is of air bubbles in material kept in the dark before and 
during the experiment, the microscope lamp being turned on only for the time 
required to take a reading. Figs. 3 and 4 are of air bubbles in stems killed in 
boiling water, and examined in air-saturated and in air-free water respectively. 
Fig. 5 shows air-bubble size in chloroform-killed tissue examined in air- 
saturated water. Fig. 6 is of two air bubbles in collodion tubes. In the figures 


I It is of interest to note that in two of the three cases illustrated in Fig. 1 where the bubble 
moved during the time readings were being taken (in the third case movement only occurred 
for a very short time), the decrease in the length of the bubble was temporarily arrested, 
though subsequently the rate increased, with the result in each case that the final size of the 
bubble was much the same as that to be expected had no movement occurred. What 
bearing this may have on the question of the mechanism of absorption is not clear, but it 
indicates that a temporary small tension in the water column has no ultimate effect on the 


disappearance of an air bubble. 
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each line represents the sizes at different times of a single bubble, and all the 
figures with the exception of Fig. 6 are drawn to the same scale. The majority 
of the vessels in which bubbles were examined were of the order of 17-30 
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diameter with the exception of those in Fig. 4 which were some 60-80 1 wide. 
Each unit of length represented on the graphs equals 17 p. 

Curves showing bubbles of nitrogen and oxygen were also obtained. These 
were similar to one another and to those for air and so are not shown. The 
fact that oxygen (which is twice as soluble as nitrogen), nitrogen, and air all 
give somewhat similar curves indicates that difference in the solubility of the 
gases is relatively an unimportant factor in the rate of absorption of the bubbles. 

An examination of the graphs shows that there is considerable variation in 
the rates of disappearance of the different bubbles, and this makes difficult a 
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comparison of the effects of the various treatments. The curves in all cases 
are of a similar type in that there is at first a rapid decrease in length, i.e. size, 
which becomes progressively slower as the bubble gets smaller. This is of 
course to be expected, as the area of absorption is proportional to the length 
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of the bubble, assuming a constant diameter for the vessel. A comparison of 
Figs. 1 and 2, in which the treatments differed in that the tissues were exposed 
to light in Fig. 1, and kept as far as possible in the dark in Fig. 2, shows that 
on the whole bubbles are absorbed more slowly in illuminated tissue than in 
material kept in darkness. Such a difference is in support of the hypo- 
thesis put forward in the first paragraph. In tissues killed by boiling or 
immersion in chloroform water—Figs. 3 and 5 respectively—absorption of 
bubbles is generally as slow (or slower in the latter case) as it is in illuminated 
living material. This indicates in turn that the theory outlined, while it may 
well be a factor, is not the only or the most important factor influencing 
bubble absorption. It may be the case, however, that in dead tissue the lack 
of protoplasmic streaming which would act in removing gas dissolved from 
the bubbles, and thereby increase the concentration gradient and with it the 
rate of solution of the gas, is accountable for the slower rate of absorption of 
the bubbles. 

That absorption of the gases of bubbles occurs in the absence of living 
tissue is evident, as it is found not only in dead plant material but in semi- 
permeable collodion tubes, as shown in Fig. 6. The comparative slowness of 
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solution of gas in the collodion tubes used is to be expected since their 
internal diameter of some 178 p is from 5 to 10 times that of the xylem vessels. 
The rapid absorption of gas seen in Fig. 4 is to be expected owing to the 
steep diffusion gradient into air-free water. 

It is concluded that the disappearance of air bubbles from the vessels and 
tracheides which has been observed under experimental conditions is due 
mainly to the increased pressure on the gases of the bubbles which results 
from the surface tension forces acting on these small bubbles, the rate of 
solution being increased as a result of their elongated form. No evidence 
was obtained for the view that increase in the partial pressure of the nitrogen 
in the bubbles, which would result from the absorption of oxygen by the 
surrounding living tissues, plays any part, though on a priori grounds some 
effect of this kind would seem inevitable. 

It is of interest to restate here the conclusions arrived at by Sen and Black- 
man (1933) concerning the somewhat analogous case of the replacement by 
water of the air contained in intercellular spaces of the leaves of land plants 
submerged in water. They showed that injection of the intercellular spaces 
occurred in darkness but not in the light, and concluded that as the oxygen 
of the air in the intercellular spaces is used up in respiration and the carbon 
dioxide produced is mostly dissolved in the water, the gas pressure falls and 
water is drawn through the stomata causing partial injection of the leaf spaces. 
At the same time the removal of oxygen results in an increase in the nitrogen 
concentration above that in the air so that the partial pressure of nitrogen is 
greater than that with which the surrounding water is in equilibrium. This 
causes the nitrogen to go into solution and complete injection of the spaces 
occurs. 

It is recognized that the bubbles considered in the present paper are 
experimentally introduced into the xylem and exposed neither to compression 
by root pressure nor to any considerable tension from the transpiration ‘pull’. 
Bubbles in the xylem appearing in the intact plant—if they arise at all—would 
result presumably from a breakage of the water columns. The space, i.e. 
bubbles, thus produced would at first contain only water vapour into which 
oxygen and nitrogen would diffuse until equilibrium with the gases dissolved 
in the surrounding fluid is reached. While the conditions remain the same 
these bubbles of course will not redissolve. 

The experiments described in this paper have a direct bearing on the 
capacity for recovery of cut flower shoots which have been left without a 
water supply for considerable periods. Such shoots should have all their water- 
conducting elements blocked with air bubbles so that when immersed in 
water there should be little absorption from the cut surface. That cut shoots 
under these conditions do, however, often regain their power of water absorp- 
tion and conduction is a matter of common observation. The explanation is 
now obvious, the bubbles of air disappear for the same physical causes as 
do those of the Impatiens shoots experimented with. 
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4. SUMMARY 


Bubbles of air, nitrogen, and oxygen introduced into the xylem vessels of 
both living and dead tissues of Impatiens parviflora were followed under the 
microscope and in all cases were found to decrease in size until completely 
dissolved in the cell-sap of the surrounding tissues. ‘There was considerable 
variation in the rate of their absorption, the time required for the disappearance 
of an average-sized bubble ranging from twelve to twenty minutes. Similar 
results were obtained with bubbles contained in semipermeable collodion 
tubes, though in this case the rate of absorption was much lower, due, at 
least in part, to the diameter of the collodion tubes being much larger than 
that of the xylem vessels. 

It is concluded that the disappearance from the tracheides and vessels of 
these artificially-introduced air bubbles is due mainly to the increased partial 
pressures of the gases of the bubbles resulting from the high surface-tension 
forces acting on the small bubbles. No evidence was obtained for the view 
that increase in the partial pressure of nitrogen in the bubbles, resulting 
from the absorption of oxygen by the surrounding living tissues, plays any 
part, though some such effect would seem inevitable. 

The bearing of the results obtained on the ability of cut flower shoots to 
obtain supplies of water even after the cut surfaces of their stems have been 
exposed to air is discussed. 
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I. INTRODUCTION 


N the first paper of this series (Wardlaw and Leonard, 1936) it was sug- 

gested that, in studying the phenomenon of respiration in fruits, attention 
should be given not only to the measurement of carbon dioxide liberation 
and oxygen intake at the surface of the fruit but also to the concentrations 
of these gases present in the intercellular air spaces or central cavity where 
present. In support of this view it was shown that during the development, 
ripening, and senescence of several tropical fruits definite trends in the in- 
ternal concentrations of carbon dioxide and oxygen could be demonstrated 
by simple means. In particular, in the papaw—a fleshy fruit with a large 
central cavity—it was found that the concentration of oxygen is relatively low 
during the early stages of development, that it reaches a peak value just prior 
to the onset of ripening, and that subsequently during senescence it diminishes 
to very low values. It was also shown that during those stages of development 
and ripening when the internal concentration of oxygen is relatively high, the 
value for the internal concentrations of carbon dioxide plus that of oxygen is 
approximately 21 per cent., as in the composition of normal air, but that where 
the concentration of oxygen falls to a low value, as during senescence, the 
value of carbon dioxide plus that of oxygen is less than 21 per cent., a value 
of approximately 16 per cent. commonly coinciding with these low oxygen 
values. These observations direct attention to the resistance to the movement 
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of gases which fleshy tissues may offer, particularly during certain stages of 
development and ripening. 

At an earlier stage in these investigations it had not been ascertained that 
differences in pneumatic pressure between the cavity or internal air spaces 
and the atmosphere existed in young and senescent fruits. By attaching 
manometers to fruits, however, it has since been demonstrated that negative 
pressures are found in papaws at certain stages, an observation which sug- 
gested that manometric records might prove useful in the study of gaseous 
interchange in fruits. 

In this preliminary account data are submitted which indicate a relation- 
ship between such manometric records and the internal concentrations of 
carbon dioxide and oxygen during the development, ripening, and senescence 
of papaw fruits. Observations on other tropical fruits including the banana 
and mango have also been made. These show certain divergences from the 
trends observed in the papaw, and will be the subject of later communications. 


II. ExperrmentaL Metuops 


In the experiments described below papaws at different stages of develop- 
ment and ripeness were used. The methods adopted in estimating the internal 
concentrations of carbon dioxide and oxygen in small and large papaws and 
other fruits have already been described in detail (Wardlaw and Leonard, 
1936, p. 625). In the determination of internal gas concentrations the con- 
venience of using large fruits with considerable cavities is apparent. 

It is realized that while the gaseous concentrations observed in the cavity 
are a close approximation to those in the immediately adjacent intercellular 
spaces, slightly different concentrations may occur in those of the more distant 
tissues. On the other hand, where the removal of gas samples from relatively 
compact tissues also involves the withdrawal of gases from solution in the 
tissues due to the reduction in pressure, the estimations obtained may not give 
a correct value for the internal concentrations; it is typical of such methods 
that the values for carbon dioxide plus oxygen recorded are generally in excess 
of 20°96 per cent. (Magness, 1920; Dowd, 1933.) Nevertheless such high 
values do exist in certain fruits. They will be the subject of further papers 
in this series. 

In order to observe the pneumatic pressures within the cavity of a papaw 
and to be able to withdraw samples of gas for analysis at intervals, fruits were 
fitted with gas-sampling tubes attached to a three-way stopcock of capillary - 
tubing (Fig. 1). One arm of the stopcock was joined to a narrow-bore mano- 
meter tube containing medicinal paraffin, which gives a sufficiently sensitive 
manometer without introducing the risk of evaporation or of effects harmful 
to the fruit." The other arm was connected direct to the Haldane gas 


’ Specific gravity of medicinal paraffin at 30° C. = 08810; 1 cm. is equivalent to 0:8847 cm. 
water, or 0:0652 cm. Hg at 30° C, 
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Fic. 1. Arrangement of apparatus for determining internal concentrations of carbon 
dioxide and of oxygen and also of pneumatic pressure in papaw fruits. The sampling tube, 
inserted into the fruit cavity, is attached by a three-way stopcock to a paraffin manometer or 
to the Haldane gas apparatus, as required. 
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apparatus whenever samples of the fruit cavity gases were being withdrawn 
for analysis, the manometer meanwhile being shut off. 

For observations of internal pressure and gas concentrations during 
development, a series of fruits of increasing size, from small fruits just pol- 
linated to full-grown green fruits, was gathered at the same time from a single 
tree. Observations during ripening and senescence were based on single, full- 
grown fruits, harvested when showing the presence of some ripening colour. 
Initially the manometer was adjusted to equilibrium with the atmosphere 
by opening the stopcock, but after each withdrawal of a gas sample, in the case 
of ripening fruits, it was put back into connexion with the cavity without 
readjustment.! Vertical lines on the graphs represent the points at which 
samples were taken; the manometer readings before and after are given. 


III. INTERNAL PREssURES DURING DEVELOPMENT 


Young developing papaw fruits are characterized by relatively high internal 
concentrations of carbon dioxide, with concomitant high rates of liberation 
of carbon dioxide from the fruit surface, and by low oxygen concentrations. 
During development to the fully-grown pre-climacteric stage, the internal 
carbon-dioxide concentration diminishes and the oxygen concentration in- 
creases. Fig. 2 shows generalized curves of the internal concentrations during 
such a developmental sequence for carbon dioxide, oxygen, and carbon 
dioxide plus oxygen. A generalized curve for the corresponding internal 
pressure as measured by paraffin manometers is also shown. Figs. 3 and 4 
show in detail the data from which the curves in Fig. 2 have been derived. 

It will be seen that in small immature fruits a considerable negative pressure 
is present and that, in general, there is a very close similarity between the 
manometer curve and those for the internal concentrations of oxygen and of 
carbon dioxide plus oxygen. It has already been argued (Wardlaw and 
Leonard, 1936) from the occurrence, in young fruits, of a steady high internal 
concentration accompanied by a high rate of liberation of carbon dioxide, 
that the compact young carpellary tissue offers a high resistance to the move- 
ment of gases. 

As the fruits increase in size, the constituent cells enlarge as do also the 
intercellular spaces. This process is accompanied by a diminution in the 
internal concentration of carbon dioxide and of the rate of liberation of this 
gas, with a colligative increase in the internal concentration of oxygen. Pre- 
liminary experiments on plugs of tissue and on whole fruits showed that this 
developmental sequence is accompanied by decreasing resistance to gas 
movement, i.e. indicating increasing porosity (Wardlaw and Leonard, 1936). 

* It may be noted that the maximum diurnal variation of the barometric pressure, as recorded 
by microbarograph in Trinidad, is 5 mm. Hg., the normal value being 762 mm. Since, how- 
ever, in the system adopted, the manometer connected to the cavity of fruits exposed on the 


bench had also an open arm exposed to the air, small changes in barometric pressure were 
compensated for. 
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The results of the manometric observations confirm these earlier results and 
further elucidate the changes in tissue resistance. 

It will also be noted that the point of transition from negative to positive 
pressures coincides closely with that point at which the sum of the values of 
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Fic. 2. Generalized representation, based on the data shown in Figs. 3 and 4, of the rela- 
tionship between the internal concentrations of carbon dioxide, of oxygen, and of carbon 
dioxide plus oxygen, and of the pneumatic pressure as recorded by paraffin manometers, 
during the development of papaw fruits. - 


the internal concentrations of carbon dioxide and oxygen approximates to 
21 per cent. . 

Figs. 3 and 4 may now be considered in greater detail. It will be noted, 
in the two lots of fruit (each taken from a single tree and held at the same 
constant temperature) that smooth curves have not been obtained, although 
the individual observations clearly indicate the general trend. These de- 
partures from the smooth curve are not due to experimental errors in the 
determination of the gas concentrations, the extent of errors in using the 
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Fic. 3. Internal concentrations of carbon dioxide, of oxygen, and of carbon dioxide plus 
oxygen, of pneumatic pressure and number of seeds, in a series of developing papaw fruits 
(Porto Rico variety) harvested at the same time and held at a constant temperature of 28° C. 
(The ninth fruit in the series, weighing 766 gm. yielded the aberrant points shown in the 
graph.) The largest fruit shown in this series was a little more than half-grown. 


Haldane apparatus being very small indeed; they are, in fact, individual 
variations which will be discussed later. It will be noted that the fluctuations 
in the oxygen curves are accompanied by corresponding fluctuations in the 
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manometer and carbon-dioxide curves, those in the carbon-dioxide curve 
being in the opposite direction to those of the oxygen curve. 

It has already been postulated (Wardlaw and Leonard, 1936) that during 
the growth of the papaw fruit to adult size the development of the numerous 
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Fic. 4. Observations, as in Fig. 3, on papaws of the Porto Rico variety. The largest fruit in 
this size series was full-grown, i.e. at the pre-climacteric stage of maturity. 


seeds abutting on the large central cavity exercises a marked effect on the 
internal gas concentrations, the peak oxygen value coinciding with the final 
maturation and induration of the seeds. The hypothesis that the irrregulari- 
ties observed in the several curves might be due to variations in the numbers 
of seeds! present in the fruits was tested by plotting these numbers alongside 
the other curves, with the results shown in Figs 3 and 4. With possible 
exceptions among the very youngest fruits, the indentations in the seed-number 
curve correspond closely with the indentations in the curve of internal carbon- 
dioxide concentrations and are inversely related to the curve of internal 


1 During development the stalk of the papaw seed undergoes a remarkable enlargement at 
the distal end; changes associated with seed development, and in particular respiratory varia- 
tions, are therefore accentuated. 
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oxygen concentration, i.e. high seed numbers correspond with high internal 
carbon dioxide and low oxygen concentration. 

As fruits develop to full size it will be seen that the curve of carbon dioxide 
plus oxygen concentrations approximates closely to 21 per cent. and that the 
manometer curves ascend from considerable negative values to small positive 


values of approximately 1-2 cm. of paraffin. 


IV. INTERNAL Pressures DurING RIPENING AND SENESCENCE 


Considerable information has been collected onthe internal gas concentra- 
tion and pressures occurring in fully grown papaws picked at different stages 
of maturity. In each instance the graphs submitted represent successive 
readings from single fruits. Observations were made as detailed above 
(section II). In addition flesh temperatures were observed by mercury ther- 
mometers (reading to 0-2° F.) inserted into the flesh so that the bulb was inside 
the cavity and in contact with the opposite side of the cavity. Figs. 5, 6, and 7 
show internal concentrations of carbon dioxide, oxygen, and carbon dioxide 
plus oxygen, flesh temperatures, and manometer readings for three papaws, 
Ar, A2, and A3 harvested green, greenish-yellow, and yellow respectively, 
all being taken from the same tree at the same time. During the first two days 
the fruits were held at laboratory air temperatures which fluctuated between 
75° and 95° F. (24°-35° C.), and afterwards at a uniform temperature of 
wee van24 C.). 

In the green fruit, Fig. 5, the internal concentrations of carbon dioxide and 
oxygen were relatively slightly affected by a rise in flesh temperature, and the 
value of carbon dioxide plus oxygen concentrations remained approximately 
21 per cent. Since respiration rate increases with rise in temperature, the 
indication is that gases can pass through the tissues of fruit of this maturity 
with considerable ease. Support for this view has been obtained from other 
experiments not described. In the colouring and yellow fruits, Figs. 6 and 7 
on the other hand, a rise in temperature caused marked changes in the internal 
gas concentrations, carbon dioxide increasing and oxygen decreasing, and the 
value for the sum of the concentration of carbon dioxide and oxygen falling 
below 21 per cent. in the more mature fruit (A3). It will be observed that the 
trend of the manometer curve in each case follows closely that of the oxygen 
and of the carbon dioxide plus oxygen curve; these results for ripening fruits 
are therefore in conformity with those recorded above for developing fruits. 

In these studies attention has been directed to the fact that as a papaw ripens 
and its tissues become soft, increased resistance is offered to the movement of 
carbon dioxide outwards and oxygen inwards, the final result in the later 
stages of senescence being the more or less complete exhaustion of the cavity 
oxygen. It has been suggested (Wardlaw and Leonard, 1936) that oxygen, 
though still passing inwards, under a progressively increasing gradient, no 
longer enters at a sufficient rate to keep pace with metabolic requirements. 
Carbon dioxide, due to increased tissue resistance, rises to higher internal 


Wardlaw and Leonard—Studies in Tropical Fruits. III 309 


concentrations in spite of high rates of liberation, but gaseous movements 

are so impeded that diminished pressures occur internally. This is discussed 

more fully later. The manometric observations recorded in Figs. 5, 6, and 

7 give further support to views on tissue resistance which have been advanced. 
Some further points may now be considered in detail. 
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Fic. 5. Internal concentrations of carbon dioxide, of oxygen, and of carbon dioxide plus 
oxygen, pneumatic pressure and flesh temperature in a papaw fruit (A1) harvested green but 
full-grown and held at a uniform temperature of 75° F. after two days at a temperature fluctua- 
ting between 75° and 95° F. Vertical lines on the manometer curve indicate points at which 
samples of cavity gas were withdrawn. Data for the final stages of ripening are not included 
in this graph. 


Green fruit 

In the pre-climacteric, green fruit, Fig. 5,a positive pressure, i.e. one higher 
than the surrounding atmosphere, was recorded within the central cavity 
until that stage in maturation was reached at which departure from 21 per 
cent. carbon dioxide plus oxygen occurred, following diminution in the per- 
centage of cavity oxygen. It should be noted that this positive pressure was 
regained almost instantaneously after each withdrawal of a ro c.c. sample of 
the cavity gas; in fact, a higher pressure was temporarily recorded as a 
result of an operation which, in a correspondingly purely physical system, 
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composed of a closed, non-porous vessel, would produce a diminished pressure. 
As a partial explanation of this phenomenon it may be suggested that since 
the flesh temperature, due to respiratory activity is higher than that of the 
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3 1G. 6. Observations as in Fig. 5 for a papaw fruit (Az), harvested greenish-yellow, and 
subject to the same storage conditions. 


surrounding air, any gas drawn into the cavity by a temporary reduction of 
pressure will expand and produce a positive pressure inside the fruit. 

Zero pressure difference (i.e. equilibrium with the atmosphere) within the 
fruit approximately coincides with the point in maturation at which the sum 
of the internal concentrations of carbon dioxide and oxygen falls below 
21 per cent. From this point onwards there is a steady decrease in the 
internal pressure and withdrawal of a sample produces an increase in negative 
pressure. 


* A consideration of the effect of the difference between air and flesh temperatures on 
pressure, expressed in terms of cm. paraffin, as in the manometric observations recorded 
supports this view. To take a simple example, a positive manometer difference in pres. 
sure of 2 cm. paraffin; approximately equivalent to 1 mm. Hg, would be produced by a 
ae between flesh and air temperature of 04° C. at 25° C.; such differences have been 
observed. 
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Colouring and full yellow fruit. 


The change from zero to negative pressure is shown more clearly in Fig. 6 
for papaw Az picked greenish-yellow; its occurrence at about the point of 
departure from the 21 per cent. value for carbon dioxide plus oxygen will 
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Fic. 7. Observations as in Figs. 5 and 6 for a papaw fruit (A3) harvested when yellow and 
almost ripe, and subject to the same storage conditions. 


again be noted. In the yellow fruit, A3 (Fig. 7), this sum value was less than 
21 per cent. at the commencement of observations and the manometer 
registered negative pressures throughout the experiment apart from a very 
slight rise with the initial temperature increase on the first day. The result 
of withdrawing a sample of gas from the cavity of a papaw whose internal 
carbon dioxide plus oxygen concentration has fallen below 21 per cent. is 
thus in accordance with the purely physical system previously envisaged, up 
to the point, in late senescence, at which the internal oxygen concentration 
falls to very low values, and the carbon dioxide plus oxygen value com- 
mences to rise. This decreased internal pressure on withdrawing a sample of 
gas is taken to be an indication that the permeability to gases of the tissues 
of a ripening papaw is approximating to that of the non-porous vessel and 
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that this is the controlling factor in the regulation of the internal gas concentra- 
tion and pressure. 

There remains the problem of the trend of decreasing internal pressure 
with increasing senescence. It will be observed that in Figs. 6 and 7 the 
downward trend of the internal oxygen concentration is closely paralleled by 
the manometer readings. It is suggested, therefore, that it is the utilization 
of cavity oxygen in metabolism, coupled with the decreased rate of replace- 
ment of this gas due to increased tissue resistance, which causes the observed 
increasing negative pressures. Partial compensation of the reduced pressures 
developed will occur as a result of (a) the effect of the flesh temperature as 
detailed above for the green fruit, and (6) gases, including water vapour, 
coming out of solution, so that the negative manomettr reading is a resultant 
of these processes, the increased tissue resistance being apparently the major 
factor. The fact that the negative pressure is not completely compensated by 
(5) may be taken as an indication that both water and gases are retained in the 
tissues under active protoplasmic control up to a certain stage in senescence. 
In this connexion reference may be made to recent views on the special 
properties of protoplasm in controlling physical function (Phillis and Mason, 
1937)- 

In Fig. 7 fluctuations in flesh temperature during the first two days are 
seen to be accompanied by considerable alterations in internal carbon dioxide 
and oxygen concentrations, carbon-dioxide percentage rising and oxygen per- 
centage falling with increase in temperature and vice versa. During the 
subsequent period at a steady air temperature of 75° F. the internal oxygen 
concentration falls asymptotically towards zero, while the manometer follows 
a parallel course to about the point at which the internal carbon dioxide con- 
centration reaches 13 per cent. and oxygen less than 1 per cent. From this 
point onwards increasing manometer readings, i.e. decreasing negative values, 
are found and the carbon dioxide plus oxygen curve rises; also withdrawal 
of a sample of gas is followed by a rise in manometer reading, i.e. a decrease 
in negative pressure. Without entering on a detailed discussion it is suggested 
that the upward trend of the manometer curve during the final phase of 
senescence (Fig. 7), accompanied by a rising concentration of carbon di- 
oxide, represents a progressive decline in the protoplasmic control of retained 
gasses. 

To eliminate the possibility of disturbing effects on the normal metabolism 
of the removal of samples of gas from the cavity during ripening two com- 
parable" papaws from the same tree, showing the first traces of ripening colour, 
were selected for study and kept at a uniform temperature of 78° F. The 
internal cavity of one was attached direct to a manometer and the fruit left 
untouched until the end of the experiment; the other was used for the measure- 
ment of internal gas concentrations. The full experimental record is shown 


? Not only did the two fruits match closely in the matter of weight and development of 
colour during ripening, but both developed anthracnose spots on the same day. 
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in Fig. 8. As with the papaws in the previous experiment (A1, A2, and A3), 
at the point in time when the sum value for the internal concentrations of 
carbon dixoide and oxygen fell below 21 per cent. in the one fruit, the mano- 
meter attached to the other indicated that a progressive development of a 


& 


Manometer Zero 

2 Aa eo ee be ee 
SS : 21 Percent } 
ay) Se 
Sele 2 
~ S § 
S18 |-4 & 8 
Ss -S & [Sp 
let +6 = 
S1+7 § 
‘sists & 
plitg © 
Si2+|-10 §& 
~ is 
Ss Ns 
© 10W-12 = 
ag M 8 

eo 
S Rei 
36 at \ 6 
oy a3 \ 
5 + ; 
Sy 

$2 83 2 
5 lands 
Q 

0 0 


5 ao 7 8 M) 

Days at 78°F [25 -5°C.) 

Fic. 8. Observations on two strictly compatable papaw fruits, harvested when showing the 
first trace of yellow colour in the skin, and ripened at a constant temperature of 25° 5° C. One 
fruit was attached to a paraffin manometer and left undisturbed until the end of the experi- 
ment, the other was used for the determination of the internal concentrations of carbon 
dioxide and oxygen during ripening. Important changes in the external appearance of the 
skin are noted ; the arrow at X indicates approximately the period during which the climacteric 
rise in carbon-dioxide liberation at the fruit surface takes place. 
negative pressure was taking place within the fruit cavity. The curve of 
internal carbon-dioxide concentration is annotated to show the colour change 
and wastage incidence. It will be observed that the first appearance of an- 
thracnose spots (Colletotrichum gloeosporioides) occurred when the internal 
concentration of carbon dioxide was 8 per cent. and the oxygen concentration 
was 11 per cent., i.e. a carbon dioxide plus oxygen value of 19 per cent. 
Severe wastage due to secondary fungi as recorded in earlier experiments 
(Wardlaw and Leonard, 1936), occurred at the stage at which the internal 
oxygen concentration had almost reached zero value; at this stage the carbon 
dioxide plus oxygen value was 16 per cent. ‘he manometer showed con- 
tinued increasing negative values until a late stage in senescence. 

It has already been shown (Wardlaw and Leonard, 1936) that, in the later 
stages of senescence, some variability may be encountered in the trend of the 
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internal gas concentrations; it is suggested that the different rates of senescence 
and decline in individual fruits and the nature and rate of exploitation of the 
tissues by secondary fungi account for the variability observed. 


V. Discussion 


In the experiments described above confirmation has been obtained of the 
hypothesis previously put forward (Wardlaw and Leonard, 1936) that the 
resistance which the tissues of fruits offer to the movement of gases during 
development and senescence is of considerable importance in the study of 
respiration. 

The experiments described in the application of manometry in fruit ripen- 
ing studies are regarded as being of a preliminary nature only, and no attempt 
will be made at this point fully to account for the observations recorded. 
Manometric pressure is the resultant of many interacting factors, including 
(a) the rates at which the several gases pass into and out of the fruit, (5) their 
solubility and rates of solution and de-solution, (c) their partial pressures 
within and outside the fruit, (d) the rates of oxygen utilization and carbon- 
dioxide liberation, (e) the difference between flesh and air temperatures, 
(f) the level of protoplasmic organization, and (g) the tissue content of carbon 
dioxide. In so far as the manometer affords an additional means of investigat- 
ing this complex of factors, which is also involved in respiration, it is suggested 
that its use may be extended as indicated in these studies. 

It may be emphasized that the general trends of internal concentration of 
gases and of internal pressure demonstrated have been consistently obtained 
with the papaw. It may be anticipated that different types of metabolism, as 
exemplified by different kinds of fruit, will show distinctive differences, and, in 
fact, such differences have already been found with other tropical fruits, e.g. 
the banana and mango, upon which preliminary observations have been made. 

While measurements of pneumatic pressures in the tissues of plants have 
been made by various workers dealing with other aspects of plant physiology, 
the writers believe that the preliminary observations recorded here represent 
the first direct application of manometric methods to respiration in fruits 
during development and ripening. In this connexion it is relevant to record 
an observation by Gustafson (1930) in which he puts forward the suggestion 
that a possible consequence of irrigating tomato fruit with a rapidly diffusing 
gas, such as hydrogen, would be to create an increased internal pressure. 


VI. SUMMARY 


1. Further observations with reference to respiration have been made on 
the changes in the internal concentrations of carbon dioxide and oxygen 
during the development, ripening, and senescence of the papaw. 

2. By attaching sensitive manometers to several different tropical fruits 
at different stages of development and ripening it has been shown that con- 
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siderable departures from the normal atmospheric pressure are readily 
demonstrated. 

3. The manometer records obtained show definite trends which may be 
used in the elucidation of respiration phenomena in fruits. By fitting mano- 
meters to the cavities of papaws during development and ripening it has been 
shown (i) that immature, developing fruits at normal air temperatures are 
characterized by a negative pressure; (ii) that full-grown green fruits are 
characterized by a small positive pressure; (iii) that as ripening proceeds, 
there is a progressive decrease in this positive pressure until, in senescent 
yellow fruits, a definite negative pressure is produced; and (iv) in final 
senescence there is a recovery towards atmospheric pressure. 

4. It has been observed in the papaw fruit that the transitions from 
negative to positive pressure, and vice versa, coincide almost exactly with 
those stages in development and ripening respectively at which the sum of 
internal carbon dioxide and oxygen concentrations rises to or falls from 
(approximately) 21 per cent. 

5. The results obtained lend support to views previously expressed that 
during development, ripening, and senescence, the tissues of fleshy fruits 
offer a changing resistance to the movement of gases. 

6. Reasons have been advanced in support of the view that the manometer 
record, being’ the resultant of the several gaseous phenomena involved in 
metabolism, is of considerable value in the study of respiration. 
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Effects of Age and of Season upon Protein Synthesis in 
Detached Leaves 


BY 


W. H. PEARSALL 
AND 
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metabolism in the sense that they deal with substances which appear 
to be necessary for the existence of protoplasm. It is thus natural that these 
problems have given rise to a large amount of research. It is equally true that 
most of the problems involved in protein synthesis in plants are yet unsolved, 
and indeed, the results obtained are hardly commensurate with the immense 
amount of work that has been contributed to the subject. A wide review of 
the literature suggests that investigators have followed in essence the methods 
found to be adequate in the study of carbohydrate metabolism in leaves, and 
that many, at any rate, have expected to find protein accumulating in illu- 
minated leaves in quantities similar to those of the higher carbohydrates. The 
results have shown, however, that the daily drifts in protein content are small 
in attached leaves (see particularly Chibnall, 1924, and Miller, 1931), so that 
if rapid protein synthesis does take place it must be paralleled by a rate of 
translocation of the same order of magnitude. The study of protein formation 
in attached leaves is, then, largely a question of obtaining significant dif- 
ferences, and it is almost too much to hope that the measurements can be made 
sufficiently refined to throw much light on the general metabolic processes 
involved. Any technique used for studying these processes must, therefore, 
aim firstly at obtaining a high rate of protein formation. 

In this connexion the advantages of using detached leaves are obvious, even 
without such previous work as that of Mothes (1926), and a second feature 
which hardly seems to have received adequate recognition is the importance 
of the previous history and physiological state of the tissues used. This paper, 
therefore, outlines some of the problems met with in considering the influence 


of the latter factors. 


“ ‘HE problems of protein synthesis form a fundamental part of plant 


MATERIAL AND METHODS 
The essential feature of the method employed was to float detached leaves 
of different ages upon nutrient solutions which allowéd of rapid protein 
synthesis. Representative samples of the different leaves used were kept for 
[Annals of Botany, N.S. Vol. II, No. 6, April 1938.] 
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analysis so as to define their original condition. The experimental leaves 
were analysed at the same time and under similar conditions so that each 
series is exactly comparative. 

To obtain leaves of different ages the method used by Pearsall (1931) and 
by Hover and Gustafson (1926) was employed, in which the successive leaves 
on shoots (from the apex downwards) were taken to represent an age series. 
This method is not applicable to linear-leaved Monocotyledons, and in the 
experiments on daffodils (Narcissus) and Iris, individual leaves of similar 
size and appearance were divided into a series of segments of similar length, 
and grouped in order from the apex downwards. In these leaves the base 
remains meristematic (and colourless) and the apex is the oldest part of the 
leaf. An ordered series of segments thus represents an age series. The leaves 
used were in each case taken from a large batch of similar plants growing in 
one plot, so that the possible effects of varying soil and light factors were 
uniform. The method of representing age has the advantage that the dif- 
ferent age units are taken under parallel conditions of light, temperature, and 
food-supply, only the age varying. It is obvious, however, that the older 
leaves in any such series may not have developed under conditions similar 
to those existing at the time of sampling and there may be a physiological 
drift as the conditions of growth alter with the age of the plant and the season 
(cf. Culpepper and Caldwell, 1932, and Richards, 1934). Examples of this 
drift will be considered. 

The method of sampling was to take a minimum of twenty leaves from 
corresponding nodes on similar shoots. Larger numbers were often necessary 
in the case of young leaves. The average leaf-length per node on the shoots 
was determined previously on other plants and the leaves taken had lengths 
within 1 cm. of the average for the particular node. Any leaves of abnormal 
size Or appearance were discarded. Daffodil and Iris leaves of similar age, 
length, and appearance were selected. 

Normally half of each leaf was immediately prepared for analysis, the 
remainder being floated on the nutrient solution. Monocotyledon leaf seg- 
ments were split longitudinally. In a few cases (plants with opposite leaves) 
the twin leaf method was employed, in which symmetrical and similar sized 
opposite leaves are assumed to be equivalent (see Denny, 1932) and treated 
as halves of one leaf. The precautions recommended by Thoday (1909) and 
by Denny (1932) were observed. 

The standard nutrient solution used was one containing 3 per cent. of 
glucose and 0-2 per cent. ammonium nitrate. Preliminary observations had 
established the fact that this mixture was the one giving the largest amounts 
of protein synthesis. The data for these are not given in full, though some 
typical results (Tables II, III, IV) indicate the type of experiment used. The 
nutrient medium was maintained at pH 6, by adjustment every twelve hours 
with o-i NaOH, bromthymol blue being used as indicator. To reduce the 
chance of bacterial or fungal infection, the leaves were first washed with 
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freshly prepared calcium hypochlorite (6-66 per cent.) and then with sterilized 
distilled water (see Wilson, 1915). The medium was changed daily, and the 
experiments set up in large covered vessels like deep Petri dishes. In some 
later experiments, a phosphate buffer solution at pH 6 was used instead of the 
frequent adjustments of pH. No significant difference in effect was observed 
between buffered and unbuffered media. To facilitate temperature control, 
the experiments were usually carried out in the dark. The effects of light will 
be considered separately. The temperature at which the experiments were 
conducted was 15-17° C. 

As the subject to be investigated involved the measurement of gains or 
losses of protein, it was obvious that the methods used must at least be cap- 
able of allowing significant differences in protein content to be measured. 
Various methods of treatment were possible in separating the protein fraction, 
but those involving washing out the soluble constituents with water were 
open to the disadvantage that some of the protein and proteose nitrogen is 
also extracted. This has to be removed from the extract separately and, for 
convenience, it is usually separately estimated. The presence of this fraction 
is, however, a disadvantage in experimental work as its variation seems to be 
unimportant, and complication of procedure is undesirable if the methods 
are to be capable of dealing with comparatively small samples of tissue. For 
this reason the method of alcohol extraction seemed preferable, the principle 
involved being that of precipitating the proteins in the tissue (see Osborne, 
Wakeman, and Leavenworth, 1921). Moreover, alcohol also extracts chloro- 
phyll nitrogen, the principal type of non-protein nitrogen insoluble in water. 
The use of 70 per cent. alcohol then leaves an insoluble nitrogen fraction 
which is possibly the closest approximation to the true protein nitrogen. The 
methods of extraction used were: 

Method A. A standard method for the extraction of soluble carbohydrates 
employs hot alcohol. In some series of observations the extraction of soluble 
nitrogen was carried out by plunging the finely cut-up leaves into boiling 
70 per cent. aldehyde-free alcohol and boiling under a reflux for one hour. 
The extract was then separated, the residue dried, finely ground and stored 
in a desiccator. Thenitrogen content of each fraction was estimated separately. 

Method B. A convenient method in experimental work with small quanti- 
ties of tissue is the drying method. In this the leaf sample, well spread out 
with the lower surface uppermost and freed from external moisture, is heated 
in a well-aired oven to 95° C. for half an hour and then dried at 65° C. to 
constant weight. This method has been found suitable in certain cases for 
carbohydrates by Link and Tottingham (1923) and for nitrogen fractions by 
Pearsall and Wright (1929). Much depends on the speed of the initial heat- 
ing and the aeration. Properly dried leaves should be a clear green, and this 
is a good rough test of the suitability of the method for a particular tissue. 
The dry material is then finely ground and stored in a desiccator. It is 
extracted by standing in cold 70 per cent. alcohol for twenty-four hours or 
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until the whole of the pigment is extracted. The alcohol is used in the propor- 
tion of I c.c. to 4 mg. of tissue, and is replaced after twelve hours. The nitro- 
gen contents of the extract and of the unextracted powder are estimated, 
protein N being obtained by difference. 

Method C. Fresh leaf material is finely minced in the presence of a mixture 
of equal parts of ether and xylol and then immediately placed in cold 70 per 
cent. alcohol (containing 10 per cent. of ether), in the proportion of 15 gm. 
to 100 c.c. of solvent. The alcohol is changed after twelve hours and the 
extraction continued for twenty-four hours or until the tissue is colourless. 
The residue is dried, powdered and stored in a desiccator. The nitrogen 
contents of extract and of residue are determined. The method has been used 
with daffodil, Coleus, Iris, Lupinus, and Pelargonium leaves. 

Method D. ‘The leaves are etherized, finely minced, and the pulp extracted 
and pressed after washings of water saturated with ether. At least six wash- 
ings are normally desirable. These are carried out as rapidly as possible. 
The residue is dried, powdered, and stored for protein nitrogen determina- 
tions. This method was only used for privet (Ligustrum) leaves, which 
showed marked pigment discoloration on drying or on extraction with hot 
alcohol. 

On account of the fact that the alcohol methods. extract pigments as well 
as other soluble materials, they cannot easily be compared with the aqueous 
extraction method (D). The cold alcohol method was devised first as a sub- 
stitute for method D, but the presence of pigments in the first extracts showed 
that the logical end point of the extract ought to be complete removal of 
pigment. By comparison of this method as described above with water 
extraction (method D) followed by acetone or alcohol extraction of pigments, 
it appears that the cold alcohol extracts less nitrogen than does water followed 
by pigment extraction (cf. Billimoria, 1936). In other words, some component 
of the soluble nitrogen fraction is not extracted by cold alcohol. This com- 
ponent is possibly the proteose and water-soluble protein fraction. The fact 
shows at the same time that no pronounced hydrolysis of protein takes place 
on standing in cold alcohol. The extra nitrogen extracted on standing appears 
to be entirely pigment nitrogen. Comparison of replicate extractions by the 
methods A, B, and C on the same batch of leaves (Daffodil and Tropaeolum) 
shows an agreement in protein nitrogen to within 4 per cent. This is so nearly 
the sampling error (see p. 322) that it is probably unjustifiable to draw con- 
clusions as to the relative efficiencies of the methods on suitable materials. 
The drying method though convenient should certainly be used with caution, 
and particular attention should be paid to signs of discoloration after drying. 
This method is quite unsuitable for acid tissues (Pelargonium, Ligustrum) 
owing to discoloration and hydrolysis, but it is doubtful whether any method 
entirely prevents hydrolysis in such tissues. Hydrolysis can be shown to exist 
when hot alcohol is used and the smallest yields of soluble nitrogen are given 
by cold alcohol with ether present. We attach considerable value to the colour 
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of the leaf pigments after extraction as a guide to possible post-mortem 
changes. On this basis, the cold alcohol method as used appears to be the best 
of those tried. We assume that enzymes are inactivated by the solvents 
employed. 

Estimation. Nitrogen estimations were carried out by the Kjeldahl method, 
or if nitrates were present by Ranker’s modification ( 1928). The estimations 
were done in triplicate in the Pregl micro-apparatus using quantities of nitro- 
gen of the order of 0-5 mg. With good technique a high order of accuracy is 
possible with this apparatus and replicates should normally agree to within 
at least o-o1 mg. if not to within half this quantity. Exact standardization of 
the quantities of reagents and of procedure is necessary. Materials for analysis 
should be thoroughly dried on a water bath and fine powdering of solid resi- 
dues is necessary to get homogeneous material for analysis. 


EXPRESSION AND SIGNIFICANCE OF RESULTS 


The method of expressing the results must necessarily take into account 
the fact that the leaves may gain in dry weight, in water content, and in 
total nitrogen content during the experiment. The results of changes in com- 
position can thus be expressed only on the area or on the original fresh weight, 
and the latter proved to be by far the simplest in dealing with large numbers 
of leaves. Area was used in some of the earlier experiments. This method is 
suitable if the leaves are uniform in thickness, but in daffodil leaves, for 
example, some variation in thickness may occur between the apex and base, 
so that the results for different segments may be less exactly comparable. 
The method of estimating area with a planimeter gave variable results with 
the small leaf segments used and areas were therefore measured by tracing 
the leaf segment on squared paper, a laborious method when large numbers 
of segments are used. 

The differences in insoluble N observed between similar samples of leaves 
using the normal technique are given in the following table, in which the 
difference between the replicates A and B is given as a percentage of B. The 
data for primary leaves (i.e. first green leaves) of Phaseolus vulgaris are given, 
as the nitrogen content of these leaves may change rather rapidly (unpublished 
results), and hence sampling errors may be large unless the technique is good. 

It will be seen from the results given in Table I that the percentage dif- 
ference between the estimates does not exceed 3. It is assumed, therefore, 
that’ differences in protein (insoluble) nitrogen are significant if they exceed 
this value. Denny (1932) obtained a similar though slightly higher degree 
of difference for the half-leaf method and a rather better agreement between 
replicates by the twin-leaf method. 

Results. The first results to be considered will be three series illustrative 
of the effects of varying the composition of the nutrient medium upon which 
the leaves are floated. The data are given in the text, as gains or losses of 
protein nitrogen, as a percentage of that present in the leaves before the 
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experiment. A difference of more than 3 per cent. should be significant. The 
actual data are given in the appendices. In each series, the parallel columns 


are for leaves from the same plants and of similar appearance and age. 


+1'58 
—2°72 
+1:06 
+2°89 
= 0:57 
—O0°35 
+121 
+2-78 
—o'1g 


Difference as 
per cent. of A. 


TABLE I 
Insoluble Nitrogen as Mg per 100 gm. of Fresh Weight. (Half-leaf and 
Drying Methods) 
Narcissus. Sample A. Sample B. 
Base 127 129 
110 107 
189 I1QI 
346 356 
Apex 524 521 
Phaseolus vulgaris 568 566 
(primary leaves) 580 587 
755 776 
523 522 
485 496 


eee 


Insoluble Nitrogen as Mg. per 100 sq. cm. of Leaf Area (Narcissus, Cold 
Alcohol and Half-leaf Methods) 


Base 9°46 
10°6 
14°7 
27) 
22°3 

Apex 22°6 


EFFECT OF VARYING SUGAR CONCENTRATION 


TABLE II 


9°26 


10°4 
14°8 
21°8 
22-5 
22°9 


—2°11 
—1°89 
+0-68 
+0-46 
+o-g0 
“Tass 


Percentage Increase in Protein Nitrogen (Leaf-area Basis) 
Segments of Daffodil leaves exposed 72 hours. Methods: half-leaf and cold alcohol. 


Ammonium 


nitrate 


0°075 per cent. 


Segment. I. 


1 (Base, i.e. meristematic) —5-46 
o 3°12 
3 — 12°39 
4 —5:60 
5 —12'90 
6 (Apex, i.e. oldest) —s5-65 


Glucose 
concentration 
(per cent.) 


ey 
9°61 
1°32 
o'5i 
2°28 
—8 92 
553 


5. 
14°1 
SOD 
Oh 
—7°85 
—I13°12 
—13°98 


In this series there is little protein synthesis, except in the youngest seg- 
ments. Three per cent. glucose tends to prevent proteolysis in the older seg- 
ments. Five per cent. glucose caused the older leaf segments to become 
flaccid; this was usually the care. In the large number of leaves examined 
in this work the internal sugar concentration did not exceed four per cent. 
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and it was usually much lower, of the order of three per cent. Three per cent. 
glucose was, therefore, constantly used as the sugar solution. 

The limiting factor in protein synthesis in this series was probably the low 
nitrogen supply. The following series (Table II) was done immediately after- 
wards on rather longer leaves and is closely comparable with Series I. In this 
case, the sugar concentration was 3 per cent. and the concentration of am- 
monium nitrate varied. It will be seen that increasing the nitrogen content 
extended the number of segments which could manufacture protein. In the 
maximum amounts of protein manufactured, however, 0-1 5 per cent. of 
ammonium nitrate proved somewhat better than 0-2 per cent. As higher 
concentrations of ammonium nitrate often tended to lead to discoloration or 
to flaccidity of some of the leaf segments, particularly the younger ones, it 
was considered that a concentration of 0-2 per cent. was the highest which 
could be used with safety. Even with this concentration, occasional sugges- 
tions of toxic effects were noted. 


EFFECT OF VARYING NITROGEN CONCENTRATION 
Taste III 
Effect of Varying Ammonium Nitrate Concentration on Percentage Increase 
in Protein Nitrogen (Leaf-area Basis) 


Glucose concentration 3 per cent.; segments of daffodil leaves exposed 72 hours. 
Methods, half-leaf and cold alcohol. 


Concentration, per cent. 


Segment. o'l. O15. 0°20 
1 (Base, i.e. youngest) 40°17 32:03 31°68 
2 12°26 50°22 24°87 
3 —8-27 19°47 11°36 
4 —21°55 eK) 6:21 
5 —16°58 — 11°29 —6:o1 
6 —20°44 —15'92 —18-89 
7 (Apex, i.e. oldest) — 22°57 —17°52 —17°02 


(Segment 3 was the first greenish segment; 4 was fully green.) 


Experiments carried out with Pelargonium leaves of different ages gave 
generally similar results, and Series 3 (‘Table IV) represents one set of results 
which are in some respects informative. The leaves are arranged in order, 
those from the youngest nodes having the lowest number. ‘These leaves 
usually showed hydrolysis of protein throughout, except in 3 per cent. 
glucose X 0:2 per cent. ammonium nitrate or in the series where asparagine 
of the same nitrogen content was substituted for ammonium nitrate. This 
series was done at the same time and on similar leaves to those used in the 
series preceding it in the table. While the general effects of organic sources 
of nitrogen will be left until a later paper, in this instance the high protein 
synthesis in the youngest leaves when asparagine is supplied, is of interest in 
suggesting that the lower figures in the corresponding ammonium nitrate 
cultures may be due to the injurious effects of ammonium ions. 
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In general, this series for Pelargonium illustrates the importance of suitable 
concentrations of nitrogen and glucose in this type of experiment. 

The leaves floating on 6 per cent. glucose were quite flaccid. 

It is of interest to note that plasmolysis in this case led to more extensive 
hydrolysis of protein, particularly in the youngest and older leaves. This is 
possibly an effect similar to the hydrolysis of starch observed in desiccated 
leaves and potato tissue. 


TABLE I1V 


Effect of Varying Concentrations of Nitrogen and Glucose on the Percentage 
Gain of Protein by Leaves of Pelargonium zonale. Fresh-weight Basis. 


(Duration 72 hours, half-leaf and cold alcohol methods.) 


Glucose (%) 04 o's 1°5 6:0 30 3:0 3:0 
NH, NO; (%) 0°025 0'037 0'075 or 0'075 o'2 0°33! 
Node 

2 —96 —16°5 —20°0 —306 —I14°5 I°4 32°2 
3 —4'4 —16°5 —15'0 cea ir ee BS 7) 17°8 32°9 
4 — —24°1 —25'0 —76 —I13'1 8-15 39 
5 a ais 5 z-0°6 rag Sos Scat EP | 40. 58 
6 — 71 —8°8 —12°6 —I90 —163 1°3 —2'0 
7 —I0°5 —I3°1 —13°2 — — —1'4 —13 
8 — —19°0 — —_ —_ —_ — 


1 Asparagine. 


EFFecT oF Lear AGE ON PROTEIN SYNTHESIS 


The data shown in Tables II and III agree with a wide range of data 
obtained with daffodil leaf segments and these will be discussed more fully 
in subsequent papers, especially in relation to various other aspects of protein 
synthesis in leaves. In most of these experiments, the leaves were divided 
into four segments (1) basal, white and meristematic, (2) elongating zone, 
yellow to pale green, (3) younger mature, full green, (4) apical and oldest 
green part of leaf. The method of division has thus a physiological basis, 
although the separation of the zones can obviously not be very exact. A 
typical series, using the drying method of preparing the leaves, is given below. 
This method enables the water content of the experimental material to be 
determined, a feature of interest in relation to the very different nitrogen 
contents of the segments. It will be observed that the different proportions 
of nitrogen in the various segments are not wholly due to the varying propor- 
tions of dry weight present. 

The series recorded in Table V is for leaves about three-quarters of full 
size. In such leaves, synthesis is observed only in the basal or meristematic 
segments. With earlier leaf stages, some protein synthesis may also occur in 
the elongating segments (cf. ‘Table IIT). 

These experiments agree consistently in showing that in daffodil leaf seg- 
ments, the young (meristematic and vacuolating) tissues are the only ones 
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capable of protein synthesis. By the time the tissues have reached their full 
size and are fully green, the capacity for protein synthesis seems to have 
vanished, under these conditions. This is equally true of Pelargonium 
leaves. The second part of this investigation was therefore directed towards 
determining whether this feature was of general occurrence in isolated leaves. 


TABLE V 
Total and Protein N (mg. per 100 gm. Original Fresh Weight)—Narcissus 
Leaves 
Water content Original Experimental gain 
Segment (%) Total N. Protein N. Total N. Protein N, 
1 (Base) 91°35 231'8 1381 +68°5 +14°7 
2 90°39 307°6 178'9 +56°8 —10'9 
3 86:29 496'5 373°9 +1001 =F ETO 
4 81-98 725°7 624°6 +79°8 — 50:2 


‘To make this survey as general as possible we examined a variety of structurally 
different leaf types including leaves of Tropaeolum majus (Sutton’s Giant), 
and Vicia faba as annuals, Coleus sp., and a small-flowered Helianthus (H. 
perennis) as perennials, Ligustrum vulgaris as a woody plant, and Iris pseud- 
acorus as another monocotyledon. 

The results of these experiments are given in Table VI and in the 
Appendix. In each case the leaves were floating on the nutrient medium for 
between fifty and seventy-two hours. The half-leaf method was used except 
for Helianthus and Vicia faba, where the twin-leaf or leaflet method was 
substituted. Tropaeolum, Helianthus, and Vicia leaves were dried. Privet 
leaves were extracted with water after etherization. Coleus and Iris leaves 
were extracted with cold alcohol. The full results and leaf-lengths, where 
available, are given in the Appendix. The data are on a fresh-weight basis 
for all except Iris, where the area basis was used. Nodes are numbered from 
the apex. 

The results given in Table VI agree with the earlier ones in showing that 
protein synthesis under these conditions is a property of the younger leaves. 
The data show that rapid protein synthesis has usually ceased by the time the 
leaves are half grown (in size), while protein synthesis is absent in mature leaves 
or leaf segments and later tends to be replaced by hydrolysis. In drawing this 
conclusion we would emphasize the fact that in no case were the leaves used 
senescent or even approaching the senescent stage. They were, normally, 
in fact, young mature rather than old. The data for broad bean (plants with 
young fruits) include the oldest leaves used (though these were still perfectly 
green) and they show a general similarity between node g and nodes 19-20. 

One possibility which must be considered is that the leaves were under 
abnormal conditions when floating on nutrient media in the dark. So far as 
could be ascertained by microscopic examination the tissues remained quite 
normal, and in particular the air spaces remained uninjected throughout the 
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experiments. The possibility that carbon dioxide might accumulate in toxic 
quantities exists or that oxygen deficiency might develop, but if so one would 
expect the youngest tissues to suffer most severely especially as their system 
of aeration appears to be less complete. Finally the results to be considered 


TABLE VI 


Percentage Increase in Protein Nitrogen in Leaves of Different Ages, Floated on 
3% Glucose, 0°2% Ammonium Nitrate for 50-72 Hours. 


Node. Coleus. Ligustrum. Iris. 
2 21°96 12°72 18-64 segment 1 (base) 
3 8-60 8:50 3°81 P 2 
4 7:28 —1:04 E/A4gegti? 23 
5 6:16 0°84 4°16 a 4 
6 Qo 1°31 T7930 3; 5 
Zl o°5 = —17'25 5, 6 (apex) 
8 — —1°88 a 
Io-II ——, —2:‘21 — 
Helianthus. Tropaeolum. Vicia faba. 
a 9 sal \20-72 
3 9°54 41-44 
4 1°57 sae 
—1'17 : 21°82 
é I ‘| gore 15°67 
a7 —_— 10°41 — 
8 = 8:92 — 
9 oa —1'97 — 14°65 
10 —_— 1°43 — 
12 = SaaS DY — 13°33 
14, 15 —_ —6:89 —I1I-21 
19, 20 — —_ —13°36 


in the next section strongly suggest that the inability of the older leaves to 
form protein is due mainly to their physiological condition and not to any 
condition of experimental procedure. 

It appears then that the growing leaf is capable of synthesizing protein 
while the old one is not. Roughly speaking, this change in the activity of the 
leaf comes about the time when the leaf becomes green; and fully mature 
leaves in these experiments always showed a marked decline or absence of 
protein synthesis. In essence, then, the normal leaf passes through two main 
stages—an earlier one when it is engaged in protein synthesis and a later one 
when it is photosynthetic. These two phases must undoubtedly overlap to 
some extent when the leaf is still growing but green, but their separation in 
time is real and this fact seems to be a strong argument against any theory of 
protein synthesis which may be based on its supposed resemblance to photo- 
synthesis. 


PROTEIN SYNTHESIS DURING THE FLOWERING AND FRUITING STAGES 


By the time this survey was complete, although it included other results 
not given here, only one exception to the generalizations recorded was 
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observed. In this case, a second series of Coleus leaves later in the season 
showed considerable gains of protein in the older non-growing leaves. An 
examination of the data showed that the only peculiar features of this series 
were firstly, that the plants were now flowering, and secondly, that the older 
leaves contained abnormally low proportions of protein. 


TABLE VII 


Difference in Protein Synthesis and Nitrogen Content between Non-flowering 
and Flowering Stages of Coleus. (Half-leaf and Cold Alcohol Methods) 


Nitrogen as mg. per 100 gm. of fresh weight. 


Non-flowering. Flowering. 
Original Final Original Final 

Node. protein N. protein N. Gain(%). protein N. protein N. Gain (%) 
2 214 261 22°0 204 253 24:0 
3 221 240 8-6 179 194 8-4 
4 206 221 G3 142 161 13°4 
5 200 213 6:2 104 121 16-36 
6 194 194 o'0 95 114 20°0 
7 201 202 0°5 — — — 


Thus while the youngest leaves were essentially similar in protein content 
and in activity, the older leaves (e.g. node 6) in the flowering stage only con- 
tained half the quantity of protein, and also had a considerable capacity for 
protein synthesis. It appeared to be possible then, that flowering led to a 
considerable drain of nitrogen away from the leaves along with a revival of 
the capacity of the leaves to synthesize protein. Further results in this 
laboratory show that leaves of Potamogeton perfoliatus may lose to the flower- 
ing shoot at least 30 per cent. of their nitrogen. Both Gouwentak (1931) and 
Smirnow (1928) have observed that at the time of flowering leaves possess 
the smallest amounts of nitrogen recorded. Mason and Maskell’s observa- 
tions also afford evidence of movement of nitrogen from leaves of cotton 
plants in the flowering state, while Acharya and Sastra (1931) also point out 
that there is a general movement of all types of substances towards the 
developing flowers, so that the quantities of labile material elsewhere in the 
plant may diminish at this stage. It appears possible, then, that in some plants 
a large drain of nitrogen from the leaves may take place during flowering, 
and that as a result of this, protein synthesis in the older leaves may be again 
possible. It is clear that this conclusion is not of general application. 

A very different set of facts was obtained from a short study of a double- 
flowered Narcissus (Sutton’s Emperor), in which the bulbs were grown in- 
doors in soil in boxes under approximately constant conditions of light and 
temperature. The boxes were illuminated by 1oo-watt ‘daylight’ lamps in 
such a manner that each row of plants received approximately equal radiation 
as measured by a sensitive photo-voltaic cell. The variation in light intensity 
at soil level was less than 3 per cent. of the mean and was checked at intervals. 
The temperature varied between 12 and 17° C. at different times during the 
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growth period, though these variations were the same for all plants and the 
temperature fluctuations were normally small. The average weight of the 
bulbs was 65 gm., and those used were selected for similarity of appearance 
and limited to bulbs between 60 and 70 gm. in weight. The leaves of these 
plants were shorter and more fleshy than those of the single-flowered form. 
They were very mucilaginous on cutting and did not appear to be quite so 
efficient in protein synthesis under experimental conditions. Four samples 
were taken, the last two on the same date representing leaves of different 
lengths and ages. Flowers were opening in the plants used for the fourth 
sample. The pertinent data from these collections are given below. 


Tas_e VIII 7 
Protein Content and Gains by Narcissus Leaves (mg. per 100 gm. of Original 
Fresh Weight.) 


Half-leaf and Hot Alcohol Methods 


Leaf Part Wager _ Experimental 
length of content Soluble Protein __gain in 

Date. (cm.) leaf. (%) N. N. Protein N. 

: Base 88-37 Gals 260-5 8-5* 

MERE S as (oper 87-64 96'5 3027 65 
ab Base 86°34 85 365 23°0 

EGE cae ee 85:90 102 416 Paecibe 
iy Base 89°39 82 243 32°0 
cP oe sigs oe 88-19 gI 326 10 
Base 89°74 83 224 6:0 
4 Feb. 26 23-26 88-90 80'5 255 —3'0 
Apex 87:90 fore) Baz —4'0 


* Significant gains. 


The table shows that the protein N (on the fresh-weight basis) of these 
leaves remains approximately constant until the stage represented by set 4, 
when flowers were ready to emerge. The higher protein content of set 2 is 
partly counterbalanced by the low water content of these samples. As the 
leaves in set 4 were more than three times the length of those in set 1, the 
total leaf protein in set 4 must have been of the order of three times that in 
set 1. The leaves, then, were gaining nitrogen all through the period when 
flowers were developing. The flower primordia are, of course, normally 
present in the bulb in this genus, so that the developmental cycle bears a 
resemblance to that of Lupin discussed below. In Narcissus, however, the 
oldest parts of the leaves have lost their capacity for protein synthesis at an 
early stage, and do not regain it. As the leaf appears to remain, as it were, 
saturated with nitrogen during the development of flowers—no intensification 
of protein synthesis at this stage can be detected. One other feature of the 
Narcissus leaf is the high nitrogen or protein content of the apical portion. 
The basal portion is normally white and semi-meristematic, but contrary to 
usual experience with meristematic tissues it contains less protein than does 
the mature apical region. 
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We have a large number of series dealing with Narcissus leaves, many of 
which will be discussed more fully in later papers. The main interest of these 
results in the present connexion is that for the whole leaf the protein N 
content remains approximately constant whether the leaves are collected when 
short or when flowers have already appeared. There are, therefore, no grounds 
for believing that any appreciable loss of nitrogen takes place in the early 
phases. Further, no gains in protein (under the stated experimental condi- 
tions) have been observed in leaves from plants with fully open or withered 
flowers. 

When the flowers wither, the growth of the leaves ceases and their protein 
content normally falls. Another sign of evacuation, that of yellowing at the 
tip, becomes visible about this time. 

It may be suggested that the maintenance of the nitrogen content of the 
Narcissus leaf during flower development may be a result of its organization. 
The basal meristematic region may control to a high degree the entry and 
exit of substances if, as is sometimes assumed, such tissues are less per- 
meable than are mature cells. The role of the vascular strands running 
through this basal meristem may also repay attention. Although xylem 
vessels are well developed in this region at an early stage the phloem appears 
to develop later. 

Data for a leguminous plant, lupin, are also available. In this case observa- 
tions were made on young shoots from mature roots, from shoots with flowers 
and from fruiting plants, the twin leaflet method being used. All the material 
came from one set of well-established plants. In the case of the plants with 
flowers, from each leaf four similar leaflets were chosen, one of these being 
used for the original nitrogen content, one being placed in the usual sugar 
and ammonium nitrate solution, another in sugar and asparagine (of the same 
nitrogen content), and the last being left attached to the plant. The protein N 
of the attached leaves was estimated as mg. per 100 gm. of final fresh weight 
as, of course, the original fresh weight could not be measured. 

The drift of events appears to be very different in lupin from that observed 
in other genera. The leaf protein content increases during flowering and 
declines during fruiting, especially in the youngest leaves. Further, only in 
the leaves from fruiting plants is there evidence of a significantly greater 
capacity for protein synthesis in the young leaves. Normally in young or 
flowering shoots of lupin, protein synthesis is most marked in mature or nearly 
mature leaves. (In these series, the three youngest nodes in each series are 
still growing.) The similarity of the data for young shoots and for plants 
with flowers suggested that the former might already possess flower initials. 
Subsequent examination suggests that flower initials are always present in 
mature lupin plants, and hence that the young shoots described here should 
properly be regarded as representing the beginning of the flowering stage. 
In short, it appears that a well established lupin plant is already in the 
flowering condition when it starts to grow in early summer. Lastly no obvious 
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TABLE IX 


Plants of Lupin (Lupinus ?) (Protein as mg. per 100 gm. Fresh Weight) 
Twin Leaf and Hot Alcohol Method 


Gains in protein N (%) 


Original protein N. under experimental conditions. 
Flowering. 
ee a ee ee eet ey 4 
Flower- Fruit- Aspara- Attached Fruit- 
Node. Young. ing. ing. Young. NH, NO; gine. leaf. ing. 

2 442 683 550 14°85 5°93 15°37 1°17 3°59 
3 618 — 664 12°14 = = oe 2°08 
4 756 875 498 14°90 17°83 13°48 — 1°02 1°93 
5 95 953-587 5°45 10°60 11°54 0°05 —ork2 
6 822* 951 481 —2'28* 2°31 3°78 —1°89 0°95 
q _ 1,015* 519 — 7°68* “40% —5°52* 5:62 | 
8 _— — 422* a — —_ —_— 4°60 


* Youngest leaves. 


correlation exists in lupin leaves between the capacity for protein synthesis 
(under experimental conditions) and the protein content. The differences 
between lupin and the other plants examined are, in fact, so marked that we 
think that attention should be drawn to the undesirability of applying to other 
plants conclusions based on lupins. 


CONCLUSIONS 

The general conclusions to be drawn from these observations are that the 
capacity of leaves for protein synthesis under experimental conditions may 
depend upon their age, their protein content and upon unspecified factors 
associated with the physiological organization and state of the whole plant. 
Possibly the permeability of the cells to dissolved solutes in the experimental 
medium may also be a factor of importance. The three plants examined all 
show different developmental stages of nitrogen metabolism in relation to 
flowering. It appears, therefore, to be unwise to attempt to apply to other 
genera conclusions based on any one type of plant. 


APPENDIX 
Summary of Experimental Data 
Daffodils. estes 
I. Protein N (mg. per 100 sq. cm. of leaf area) before and after the experi- 
mental treatment (72 hours). Ammonium nitrate solution 0°075 per cent., 
glucose varying as shown. Half-leaf and cold alcohol methods. Segments of 
leaf arranged in order of position. 


Glucose (%). I. Be Se 

Segment. Original. _‘ Final. Original. Final. Original. _‘ Final. 
1(Base) 18:3 17°3 10°4 II'4 15°6 17°8 
2, 19:2 18:6 I5'1 14°9 199 18-9 
3 22°6 19°8 19°5 196 22°0 20°7 
4 23:2 21°'9 21°9 22°4 24°2 22-3 
5 27°9 24°3 26'9 24°5 28:2 24°5 
6 (Apex) 30°! 28-4 32°0 3073 32°9 28-3 
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II. As above: Solution, glucose 3 per cent. plus ammonium nitrate. 


Am. NO, (%). ol 


Segment. Original. Final. 


1 (Base) 117 
10°6 
14°5 
18-1 
19°3 
6 22'5 
7 (Apex) 25°7 


mnApPwWDN 


Pelargonium zonale. 


16-4 
11-9 
13°2 
14'2 
16°1 
179 
199 


O15 


Original. 


9°2 

8-9 
113 
15°6 
18-6 
20°1 
23°4 


Final. 


122 
13°4 
13°5 
15°5 
16°5 
16:9 
19°3 


0-2 
Original. 
10'I 

9'4 
13°2 
14°5 
18:3 
21-7 
23°5 


Final. 
13°3 
11°8 
14°7 
15°4 
17°2 
17°6 
19°5 


Protein N (mg. per 100 gm. original fresh weight) with varying amounts 
of nitrogen and glucose in medium, 72 hours. Half-leaf and cold alcohol 


methods. 


Glucose (%). o-4. 
Am. NO, (%). 0°25. 


Node. Original. Final. Original. Final. Original. Final. 


2 483 437 738 
3 478 457 491 
4 588 
5 432 
6 311 289 318 
7 325 290 312 
8 342 
Am. NO, (%) 0:075 
Node. Original. _ Final. 
2 (Apex) 603 515 
3 425 351 
4 358 311 
5 312 264 
6 301 252 
7 


Iris Pseudacorus (non-flowering). 


Protein N (mg. per 100 sq. cm. of leaf area). 
Standard solution, 72 hours. Half-leaf and cold alcohol methods. 


Segment 1 (Base) 
Original 118 
Final 140 


Tropaeolum majus. 


2) 
105 
109 


3 
115 


117 


4 
168 
175 


0°55. Tass 
0°37. o-75 
616 681 545 
410 506 430 
446 416 312 
365 365 341 
290 318 278 
271 287 249 
277 
Glucose 3 (%). 
o-2 
Original. Final. 
721 731 
495 583 
405 438 
375 380 
373 388 
355 350 


725 
444 
410 
371 
348 


6:0. 
orl. 


Original. Final. 


503 
371 
379 
281 
282 


0:33 (asparagine). 


Original. 
702 
519 
414 
395 
325 
382 


Protein N (mg. per 100 gm. original fresh weight). 
Standard solution, 72 hours. Half-leaf and drying methods. 


Nodes 2,3,4 5, 6 
Average leaf 


length (cm.) 0°5-0°8 2-3'5 
Original 999 988 


Final 1,413 1,286 


7 8 

4°3 56 

951 863 
1,050 940 


9 


8-4 
810 
794 


Final. 
928 
690 
430 
387 
344 
377 


5 6 (Apex) 
184 193 
151 179 
10 12 14, 15 
1orl 100 11'S 
698 612 566 
708 604 527 
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Ligustrum vulgare. 
Protein N (mg. per 100 gm. of original fresh weight). 
Standard solution, 72 hours. Twin leaf and water extraction methods. 


Nodes 2 3 4 5 6 8 10-11 
Average leaf 
length (cm.) 22 3°6 4°4 59 6-7 7°3 74 
Original 656°5 595'5 607°6 624°2 624°4 595°4 502°4 
Final 740 646°1 601°5 629°5 632-6 584°2 4913 


Helianthus perennis (vegetative) and Vicia faba (fruiting). 

Protein and soluble N (mg. per 100 gm. of original fresh weight). Standard 
solution. 

Helianthus 50 hours, twin leaf and drying methods. Average leaf lengths 
in cm. 

Vicia 60 hours, twin leaflet and drying method. 


Helianthus. Vicia. 

Original. Experimental. Original. Experimental. 
Node. Length. Prot.N. Prot.N. Prot. N. Sol. N. Prot. N. Sol. N. 
2 oN] 967 1,060 620 257 748 434 

3 6°5 828 907 . 
4 10'5 698 709 676 271 806 491 
5 10°38 426 421 621 181 756 379 
6 5 182 184 562 174 650 359 
9 = aS == 720 145 615 366 
12 = == — 666 129 577 338 
14-15 a a aS 507 131 451 309 
19-20 — — ~ 311 81 269 232 
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Cytology and Genetics of Some Indian Wheats 
II. The Cytology of Some Indian Wheats! 
BY 
G. S. BHATIA 


With Plates XIII to XV and two Figures in the Text 


INTRODUCTION 


Sl sta cultivated species of Triticum can be divided into three groups, 
based on the number of their chromosomes. The Einkorn group com- 
prising T’. monococcum is characterized by seven pairs of chromosomes; the 
Emmer group comprising T. dicoccum, T. durum, T. polonicum, and T. tur- 
gidum has fourteen pairs of chromosomes; and the Vulgare group comprising 
T. vulgare, T. spelta, and T. compactum has twenty-one pairs of chromosomes. 

The cytological work on the genus Triticum dates back to the year 1893 
(cited in Percival, 1921), when Overton reported eight to be the haploid 
chromosome number of 7. vulgare. His work was followed by that of 
Kérnicke (1896), Dudley (1908), Nakao (1911), and Bally (1912). They all 
reported the same as Overton, and some of them claim to have seen even 
sixteen chromosomes in the somatic cells, but the later work showed all these 
results to be quite unreliable. 

It was not until 1918 that the exact somatic counts of the chromosomes 
for the different species of wheat were published by Sakamura, who working 
with root-tips, found the somatic numbers to be fourteen, twenty-eight, and 
forty-two respectively, as stated above. This work was confirmed by Kihara 
(1919) and from meiotic counts by Sax (1922), and Watkins (1924). 

Sax (1922), Thompson (1925), Watkins (1924, 1925), and others worked 
out the cytology of partially sterile interspecific wheat hybrids, particularly 
the cytological behaviour of the pentaploid hybrids obtained by crossing 28- 
chromosome wheats with the 42-chromosome ones. They observed that on 
crossing any of the emmers which are characterized by twenty-eight somatic 
chromosomes with any of the Vulgares which are characterized by forty-two 
somatic chromosomes, an F, plant with thirty-five chromosomes in its 
somatic cells is obtained. In meiosis of the F, the fourteen pairs of chromo- 
somes behave normally, whereas the seven univalents show irregularity, so 
that the resulting gametes contain all numbers ranging from fourteen to 
twenty-one chromosomes. ‘The nearer the number of chromosomes 

’ Part of Thesis approved for the Ph.D. degree of the University of London. 
[Annals of Botany, N.S. Vol. II, No. 6, April 1938.] 
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approaches fourteen or twenty-one, the more viable are the gametes, and the 
segregates with intermediate numbers are eliminated due to sterility. The 
partially sterile hybrids possessing twenty-one chromosomes resemble more 
the Vulgare and those possessing twenty-eight the Emmer parents respectively. 
Actually, however, in later generations segregates possessing either twenty- 
eight or forty-two chromosomes are obtained in a fertile homozygous 
condition. 

In crosses between the first and the second group, Sax (1927) observed 
that in the first meiotic division the seven paired chromosomes divide nor- 
mally, whereas the seven unpaired usually pass to one pole or the other 
without dividing. In the second division all the chromosomes apparently 
divide normally, so that the resulting microspores presumably receive from 
seven to fourteen chromosomes. But according to Thompson (193 I) ina 
similar cross the seven singles lag in the first reduction division, but ulti- 
mately divide and join the bivalents. In the second division they pass to 
the poles without dividing, like the seven univalents of the Emmer x Vulgare 
crosses. 

Besides the cytological studies of the interspecific hybrids, the cytology 
of the intergeneric hybrids, including the amphidiploids with double the 
number of chromosomes, between different species of Aegilops, Triticum, 
Secale, and Agropyron have been made by several investigators, and natural 
hybrids in some of these have frequently been observed. It was in fact these 
natural hybrids that brought into prominence the genus Aegilops with regard 
to the origin of soft wheats. 

The accurrence of haploids in Triticum has also been reported on several 
occasions, as for instance Gaines and Aase ( 1926), Katayama (1934), Yamasaki 
(1936), and Smith (1936). Huskins and Hearne (1933) studied the meiosis 
in an asynaptic oat and wheat. 

Thus during the past nineteen years or so the wheat cytologists through- 
out the world have made a thorough survey of the various cytogenetical 
problems concerning this important genus. The contributions of Sakamura, 
Kihara, and Kagawa of Japan, Gaines and Aase and Sax of U.S.A., Thompson 
in Canada, Percival and Watkins of England, de Mol of Holland, Tschermak 
and Bleier of Austria, Nikolaeva of Russia, Malinowski of Poland, and Stolz 
of Germany towards this subject stand pre-eminent among all the rest, and 
it seems quite obvious that nearly all the phases of cytology in this genus have 
received at least some attention; but as regards the satellites, which are now 
forming a very important feature in the morphology of plant and animal 
chromosomes, and their relation to the nucleolus, the genus Triticum has 
been totally neglected. It was with this object—and moreover the study of 
the possible cytological cause of the deterioration of ‘Sherbati’ hybrids neces- 
sitated the comparison of the morphology of the chromosomes of these 
hybrids with their parent—that the present work, which deals mainly with 
the morphology of the wheat chromosomes, their constrictions, satellites, and 
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the relation of the satellites to the nucleolus both in the tetraploid as well as 
the hexaploid wheats, was taken up. A reference to the origin of T. vulgare 
and the cytological cause for the deterioration of ‘Sherbati’ hybrids is also 
made. 


MATERIAL AND METHODS 


The cytological studies dealt with in the present paper cover the following 
wheats from the Department of Agriculture, C.P. and Berar: 

1. T. dicoccum var. Indicum Bhatia, popularly known as ‘Khapli’ C.P. 

2. T. vulgare var. albidum Ax., departmental wheat Ao88 popularly known 
as “Mudya’,, 

3. Az12, A113, and Arrs, which are popularly known as ‘Sherbati’ hybrids, 
are the three sister strains of the hybrid between Vulgare and Khapli 
Emmer, in about their twenty-third generation. These three strains appear 
to have merged into one another completely, and as already pointed out 
in the Report on Demonstration Work, Northern Circle (Department of 
Agriculture C.P. and Berar) year 1926-7, there seems to be no morpho- 
logical difference between them, and from all points of view they can be 
treated as one. 

The seeds of these varieties were sown in pots in the years 1935 and 1936 
in greenhouses at the Courtauld Genetical Laboratory, Regent’s Park, 
London. The sowing in 1935 was done during November, and that of 1936 
during January, February, and middle of March. Those sown during 
November 1935 did not do well, and most of them died. The survivors 
lingered on miserably and came to flower in the month of April, along with 
the others sown in January 1936, which also remained very poor as regards 
their vigour. The rest of the lots sown in February and March were quite 
vigorous and normal in their growth, and their flowering lasted from May 
to the middle of June 1936. From all these experiments it was concluded 
that the best time for wheat-sowing in London is from the third week of 
February up to the first week of March. 

Along with the plants grown in greenhouses, there were others grown out- 
side in the open in pots. They were sown in lots from the middle of February 
up to the middle of March. They were the most vigorous of the whole lot, 
but came into flower later than the corresponding ones sown inside the green- 
houses. It may be mentioned here that anybody working in London on wheats 
from the genetical point of view should be very careful about damage by birds 
and mice. It is necessary that precautions be taken from the germinating to 
the fruiting stages. 

In order to study the morphology of the chromosomes in the somatic 
cells, the method described by Kagawa (1929) was followed. ‘The kernels 
were germinated in small Petri dishes on wet filter paper. When the seminal 
roots were about 1-2 cm. the kernels were immersed in 0-4 per cent. aqueous 
solution of chloral hydrate for one hour, and this was followed by washing 

966.6 Z 
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in running water for the same length of time. After keeping these kernels in 
a moist space for about an hour or so, the root-tips were fixed in Benda’s 
solution and La Cour’s 2BE, omitting acetic acid in both cases.. Other 
fixatives such as Navashin’s and Allen’s modifications of Bouin’s were also 
tried, but La Cour’s 2BE gave decidedly superior results. 

Paraffin sections were cut 15-20 in thickness and stained with Newton’s 
iodine gentian-violet technique. The best time for fixing the root-tips was 
found to be on bright sunny days between 11.30 a.m. and 1.30 p.m. when the 
division in the growing root is very vigorous. For studying meiosis, after 
removing the glumes, the flowers were trimmed a little at the apex to allow 
an immediate contact of the fixing fluid with the anthers, or the anthers were 
taken out and fixed separately. In either case a preliminary examination to 
see the stage of division was made by the iron-aceto-carmine method. Before 
fixing the flowers or the anthers they were dipped for a few seconds in Car- 
noy’s solution, and then fixed in Navashin’s Fluid (Maeda, 1930), La Cour’s 
2BE, and Medium Flemming. Navashin’s Fluid after pre-treatment with 
Carnoy gave decidedly superior results. Both for fixing root-tips and flower 
buds an exhaust pump was always used. With experience, simply by looking 
at the young ear one is able to say whether it will show any division or not, 
or whether it is too early for division, or has passed the division stage. 

In London during the months of April, May, and June the writer has found 
the anthers in the division stage between 11 a.m. and 2 p.m. The different 
flowers of the same spikelet may show all stages of division, and it was 
observed that the anthers of the same flower ordinarily are in the same stage. 
It may also be said in general, that if the oldest flowers of a spikelet show 
young pollen grains, the next younger flowers will show the second meiotic 
division and tetrads, the next younger will show stages of the first meiotic 
division, still younger ones the early prophase stages, and the youngest will 
not show any division at all. The spikelets in the middle of the ear are the 
first to show division, and those at the top or base lag a day or two behind the 
central ones in corresponding stages. 

It is necessary to lay special stress on the importance of a careful de-staining 
of the nucleolus, the control of which is acquired gradually with experience, 
in studying its relation with the chromosomes in meiosis. 


SomaTic DIvision 


In somatic mitosis the morphology of the metaphasic chromosomes only 
has been studied. The morphology of the chromosomes of Triticum was 
first studied by Sakamura (1920) when he reported some chromosomes having 
two constrictions. Kagawa (1929) made a very exhaustive study of this sub- 
ject in the chromosomes of Triticum and Aegilops. Camara (1935) and 
Ellenhorn (1935) made a short survey of the morphology of chromosomes in 
T. monococcum. All these workers failed to show the presence of satellites 
in any of the wheat chromosomes. 
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The credit of reporting the satellites in T. monococcum goes to Smith (1936), 
who has shown them present on two pairs of chromosomes. According to him 
the larger satellite, which is on the shorter chromosome, is less commonly 
observed than the other, apparently because it is not set apart so far from the 
main body of the chromosome. The longer chromosome with a satellite 
was associated with the nucleolus. 

The satellites of T. vulgare and T. dicoccum were also observed by the 
writer in 1935, and as the present work has taken two years for its completion 
it has caused a delay in their publication. 

By the action of chloral hydrate the constrictions other than the attach- 
ment constriction become clear, but they are not observable in all the cells 
and sometimes a cell may show them, whereas in the cell next to it in the 
same section they may not show. As already expressed by Kagawa (1929), 
the degree of ease with which the constrictions are fixed clearly, has probably 
some bearing upon the internal and external condition of the cell in con- 
nexion with the methods of fixing. Moreover the writer has observed that 
all the chromosomes of the same cell do not always show all the constric- 
tions simultaneously, so one rarely gets a cell showing clearly their details 
in every chromosome. For that reason, in the present study the selection 
of the cells has fallen on very few which showed simultaneously all the con- 
strictions. 


Morphology of the chromosomes of T. dicoccum. 


‘Text-figs 1A and 1B show the chromosomes from two different cells of 
T. dicoccum. The difference in the length and size of the chromosomes of 
the two cells is due to the action of fixatives. The chromosomes of Text- 
fig. 1A, which is a preparation from 2BE, are longer than those of Text- 
fig. 1B, a preparation from Benda fixative. In both cases the morphology 
of all the chromosomes is quite clear, and the homologous pairs, as shown in 
the figures, can easily be recognized. 

Of the four satellited chromosomes (pairs 1 and 2) the two chromosomes 
composing pair No. 1 are tandem satellited chromosomes, that is, the mor- 
phology of pair No. 1 is different from that of No. 2. Of the remaining 
twenty-four chromosomes, twenty-two chromosomes have only one constric- 
tion each and the remaining pair (No. 10) have two constrictions each. As 
shown in the diagram, all the twenty-eight chromosomes fall into fourteen 
pairs and no two pairs are alike in the position of the constriction, showing 
clearly that the chromosome set of T. dicoccum, a tetraploid species, does not 
present the duplication of any diploid species, but is made up of two different 
sets which have already been designated as sets A and B by various workers, 
and the same has been expressed by Kagawa (1929). Contrary to Kagawa’s 
observations, where he classified ten chromosome types in this species, the 
writer has observed fourteen chromosome types, that is, no two pairs of 
chromosomes are identical. 
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Morphology of chromosomes of 'T. vulgare. 


Text-fig. 1c shows the morphology of the chromosomes from a single cell of 
T. vulgare. There are six satellited chromosomes, as shown in pairs Nos. 1, 2, 
and 15, the pair No. 1 being tandem satellited. Of the rest there are twelve 
pairs (Nos. 3, 4, 5, 6, 7, 8, 9, 11, 12, 13, 14, and 21) with only one constric- 
tion, whereas three pairs (Nos. 10, 18, and 20) have two constrictions and the 
remaining pairs (Nos. 16, 17 and 19) three constrictions each. 

The pairs from Nos. 1 to 14 have been shown to correspond to the pairs 
from Nos. 1 to 14 in T. dicoccum, leaving in T. vulgare the chromosome pairs 
from fifteen to twenty-one. On the basis that T. vulgare has originated from 
a cross between the Emmers and a species of Aegilops, it appears that the 
twenty-eight chromosomes comprising pairs 1 to 14 have been contributed 
from the Emmer parent and the remaining fourteen chromosomes comprising 
pairs 15 to 21, which are clearly missing in T. dicoccum, have been contributed 
from the other parent. In order to verify the truth of this statement, the study 
of the morphology of the chromosomes of Aegilops and allied genera is highly 
desirable. 

From the morphology of chromosomes of 7. vulgare it is evident that no 
two pairs of chromosomes are identical, showing clearly that the forty-two 
somatic chromosomes of 7. vulgare, ‘Mudya’, a hexaploid species, do not 
present the triple state of the somatic chromosomes set of any of the diploid 
species, as already expressed by Kagawa (1929); but that the chromosomes 
represent three different sets which have already been designated as A, B, 
and C, 


The morphology of chromosomes 'T. vulgare x T. dicoccum. 


Text-figs 2A, B, and c show the morphology of the chromosomes of hybrids 
T. vulgare x T. dicoccum. Fig, 2a is from the strain A 115, whereas Figs. 2B 
and 2c are from the same preparation of the strain A 113. In T. vulgare 
twelve pairs of chromosomes with one constriction each were identified, but 
here in Fig. 2a, thirteen pairs (pairs Nos. 3, 4, 5, 6, 7, 8, 9, 11, 12, 13, 14, 20, 
and 21) are identified. Three pairs (Nos. 10, 17, and 18) have two constric- 
tions and pairs Nos. 16 and 19 three. One of the chromosomes of the pair 
No. 19 appeared to be satellited in addition to the three pairs already men- 
tioned (Nos. 1, 2, and 15). In Fig. 28 there were three pairs (Nos. 1, 2, and 
15) of satellited chromosomes as usual, twelve pairs (Nos. 3, 4, 5, 6, 7, 9, 1, 
12, 13, 14, 20, and 21) of chromosomes with only one constriction, four 
pairs (Nos. 8, 10, 18, and 19) with two constrictions, and two pairs (Nos. 16 
and 17) with three constrictions in their chromosomes. In Fig. 2c there are as 
usual three pairs (Nos. 1, 2, and 15) of satellited chromosomes, and twelve 
pairs (Nos. 3, 4, 5, 6, 7, 9, 11, 12, 13,'14, 20, and 21) having one constriction, 
three pairs (Nos. 8, 10, and 19) with two constrictions, and No. 18 with three 
constrictions, whereas the pairs Nos. 16 and 17 have either two or three 
constrictions each. 
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Comparing thus the morphology of chromosomes of the hybrid with that 
of the parent 7. vulgare, it is evident that in those hybrids shuffling of the 
parental chromosomes in meiosis has taken place, as explained elsewhere. 
The presence of satellites in the tetraploid and hexploid wheats is here 
described for the first time. Satellites were discovered by S. Navashin (1912) 
on the chomosomes of Galtonia. Later Sorokin (1924), Senjaninova (1926), 
and de Mol (1927) observed that the number of nucleoli corresponded with 
the number of satellited chromosomes. Taylor (1925, a, b, and c) showed 
satellite chromosomes in Crepis setosa, C. capillaris, Aloe saponaria, and 
Gasteria. Later (1926) he observed minor differences between satellites in a 
given cell as:well as between the corresponding pairs in different roots, and 
emphasized the effect of the action of fixing fluids of various types upon the 
prominence of the various features. He concluded that the phenomenon of 
satellites and of chromosome constrictions shows that these features are 
important hereditary morphological characters of the chromosomes. At the 
same time he observed in Fritillaria imperialis two pairs of metaphase 
chromosomes having distal satellites of different sizes, in Alstroemeria brasi- 
lensis, one metaphase pair bearing small proximal satellites, and in one plant 
of Allium cepa, a single ‘J’-shaped element bearing tandem satellites on the 
shorter arm. Kaufmann (1926) reported satellites in the anaphase cells of 
Tradescantia pilosa as most delicate terminal appendages simply embedded 
in the apex of a conical projection of the chromatic material. 

M. Navashin (1925) determined in Crepis species two types of chromo- 
somes; type A, including all the two-armed chromosomes and type B includ- 
ing the satellite chromosomes represented by only one form. In 1926, from 
his studies of the trabants of Crepzs dioscoridis, he expressed the idea that the 
first step in the formation of species may be seen in the very small changes 
which appear in the dimensions of the trabants of the D chromosome in 
Crepis species. According to S. Navashin (1927) the individuals of Galtonia 
candicans belong to two different species, as regards their chromosomes, the 
symmetrical plants having trabants of the same size and the asymmetrical 
plants one small and one big trabant. He also obtained one bulb, the root of 
which showed an intermediate condition as regards the size of the trabants. 
According to him the male and female plants of Najas major showed no dif- 
ference in their satellites, both belonging to the symmetrical race having 
equal sized trabants. 

M. Navashin (1927) observed that through hybridization certain changes 
were brought about in certain chromosomes. For instance, in the hybrid 
C. capillarisx C. tectorum the most characteristic part, the trabant of the 
D chromosome of tectorum, which under normal conditions is always present, 
was missing. The same was observed in the cases of C. capillaris x C. parvi- 
flora and C. rubrax C. foetida. "This change was concerned only with one of 
the two homologous chromosomes while the other remained unaltered. From 
these experiments he was led to conclude that these changes appear to be of 
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equal value to the changes or transformation of the hereditary units. Poly- 
morphism with regard to the presence or absence of one or both satellites 
of a particular pair of chromosomes was found by Emme (1925) in some 
species of Hordeum. According to Medwedewa (1930) there are three races of 
Crepis dioscoridis, one with large satellites, one with small satellites, and a third 
heterozygous which gives offspring of the three types in the ratio of 1 : 2 : 1. 
M. Navashin (1934) from his experiments came to the conclusion that in 
all the investigated individuals of the interspecific hybrid C. capullaris x C. 
tectorum, the D chromosome of Tectorum, which is characterized under 
normal conditions by the presence of a satellite, invariably appears without 
the satellite, while the satellited Capillaris chromosome remains intact. In 
the hybrid C. capillaris< C. neglecta all the chromosomes of N eglecta appear 
markedly shortened and thickened as compared with the normal condition, 
and in addition the satellited chromosome in Neglecta appears without a 
satellite. In a third case, in the cross C. capillaris x C. parviflora, both parental 
chromosome sets suffer striking alternations, viz. the D chromosome of 
C’. capillaris loses its satellite and all the chromosomes of C. parviflora 
appear very much shorter and thicker than they are in the species. He 
further thinks that the foreign sets somehow mould each other, and he 
expressed this idea by the term ‘amphiplasty’, and the result of amphiplastic 
action was shown to be independent of the direction in which the cross was 


triandus, found that both these species are very polymorphic from the point 
of view of the shape of their satellites, their presence or absence. He claims 
to have observed all degrees of transition from forms whose size is nearly 
equal to half a chromosome arm to a simple filament and even the absence of 
the filament. He denies the existence of symmetrical and asymmetrical races 
from the point of view of the satellites in Narcissus. He is of opinion that 
the size of a satellite is not constant in different individuals and that it varies 
greatly in the cells of the same individual. 

In a later publication Fernandes (1936) does not consider the nucleolar 


1. Hetero-chromatin satellites having all the characters of hetero- 
chromatin, which remain attached to the nucleolus during telophase, 
interphase, and prophase. 

2. Eu-chromatin satellites—having the characters of eu-chromatin, since 
they undergo transformations during the telophases and prophases and are 
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not visible at the surface of the nucleolus during interphase and the first 
Stages of prophase. The Position of the point of greatest activity of the 
nucleolar forming region is not always the same, but it varies with the shape 
of the satellite in the metaphase chromosomes. 

In the present material the writer has observed minor differences in the 


Origin of Triticum vulgare. 

The problem of the origin of T. vulgare has received considerable attention 
from various workers. Percival (1921) thinks that T. vulgare is a vast collec- 
tion of mutants and hybrids which he regards as having originated from cross- 
ings of T. dicoccoides or T. dicoccum with one or two species of Aegilops 
(A. cychndrica or ovata). From his experiments in 1930 he concluded that 
the bread wheats have arisen by hybridization, and that one of the parents 
is A. cylindrica. Tschermak (cited by Senjaninova-Korchagina (1932) attri- 
butes the origin of soft wheats to crosses with wild Aegilops. A theory has 
been held by McFadden (1930) that modern cultivated forms of wheat 
originated from inter-crossing between certain wild wheat-like grasses, such 
as wild rye, wild emmer, wild einkorn, and some one or more of the various 
species of Aegilops. 

While all these theories are held, still according to Senjaninova-Korchagina 
(1932) there is no direct proof concerning the origin of soft wheats, and the 
question remains unsettled. The same author holds that, judging from the 
number of successful crosses between wheat and Aegilops, which is not great, 
and the progeny of which is nearly always sterile, the obtaining of octoploid 
Aegilotricum instead of an expected hexaploid is no direct proof of Percival’s 
hypothesis, and it only accentuates the deep heterogeneity of the parental 
sets. Moreover, the conjugation of chromosomes in Aegilops-wheat and in 
wheat hybrids with distinct heterogeneity of the chromosomes, according to 
the same author, is a temporary and accidental phenomenon little indicative 
of the relationship of the chromosomes. It may be mentioned here that 
Sapehin (1933) thinks that the data as to the number of bivalents cannot serve 
immediately as an index either of the homology of chromosomes or of the 
chromosomic relationship of the species. ‘The conjugation or non-conjugation 
of the chromosomes shows only the behaviour of the genes of conjugation 
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in the environmental surroundings. Percival (1936) holds that the type of 
union among univalents at the metaphase of the heterotypic division may be 
used as a measure of homology of the conjugating chromosomes. 

Bates (1931) concluded that bread wheats appear to have been derived from 
crosses between tetraploid and diploid species of wheat, forming triploid 
sterile hybrids in which chromosome doubling then gave rise to fertile hexa- 
ploid forms. ‘While the details therefore remain uncertain, there is evidence 
for concluding that the origin of the hexaploid wheats has involved inter- 
specific and intergeneric crossing, with allopolyploidy and probably also 
autopolyploidy, combined with the occurrence of numerous parallel unit 
mutations.’ The successful crossings of three species of Agropyron with 
wheat, according to Hurst (1937) shows a very close affinity to the former with 
the latter; and Vakar (1935) from his experiments concluded that Agropyron 
elongatum is allied not only to wheat but also to rye and to Aegilops. The near 
relationship of wheat with Secale is also evident from the obtaining of amphi- 
diploid Triticale. 

Judging from all these facts, and also since the hybrids between Aegilops 
and ‘Triticum have been obtained under natural conditions, the writer is 
inclined to think that Aegilops appears to have played a considerable part in 
the origin of bread wheat, but not all, and that the working out of the mor- 
phology of the chromosomes of wheat and the allied genera will open for us 
a more reliable and accessible way to the synthesis of soft wheats, and as 
already suggested by Percival (1930) will also lead us to the analysis of the 
relationships existing between species which can be crossed. 


MICROSPOROGENESIS 


While dealing with the microsporogenesis in wheat, special stress will be 
laid on the relation of the satellite-chromosomes to the nucleolus both in tetra- 
ploid and hexaploid wheats. 

Resting nuclei of the pollen mother-cells. The pollen mother-cells (Pl. XIII, 
Fig. 8) after the last premeiotic division are distinctly polygonal in section 
like those described in Lathyrus odoratus by Latter (1926), in Oenothera by 
Sheffield (1927) and in rice by Nandi (1937). They are situated in two rows 
in the loculus, and could be described as loosely packed, and the tapetal cells 
are always uninucleate at this time. The resting nucleus (Pl. XIII, Fig. 8) of 
each pollen mother-cell is more or less spherical in shape, and its granular reti- 
culum always takes on a very deep stain with gentian violet. It contains from 
one to four nucleoli (PI. XIII, Fig. 8) in the tetraploid wheat, and from one to 
six in the hexaploid wheat. The number six in the hexaploid is very rare, and 
it has only been seen once when all the six nucleoli were observed fusing in 
pairs (Pl. XIII, Fig. 18). Ordinarily the presence of one or two nucleoli in 
the tetraploid, and one, two, or three in the hexaploid is more common. More 
than one nucleolus in the resting stage of the pollen mother-cell has also been 
recorded by Latter (1926) in Lathyrus odoratus, and by Fikry (1930) in the 
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last premeiotic division of Rumex scutatus, in the pollen mother-cells of rice 
by Hedayetullah (1933), and many others. 

Of the four nucleoli of the tetraploid wheat, two are bigger and two smaller 
(Pl. XIII, Fig. 8), whereas of the six nucleoli of the hexaploid wheat four are 
bigger and two are smaller (Pl. XIII, Fig. 18), as also observed in the root-tip 
cells (Pl. XIV, Figs. 31 and 32). They take a very deep stain with gentian violet, 
but if destained they lose their stain more rapidly than the corresponding 
cloudy chromatin reticulum, enclosed in which their characteristic moon-like 
appearance is very remarkable. They are nearly always spherical in shape, they 
may occupy any position in the nucleus, and are vacuolate from the earliest 
stages. In the present material a single large vacuole, which attains a con- 
siderable size in some of the single complex nucleoli in leptonema stage, or 
several vacuoles in nearly all stages of meiosis have been observed. In some 
resting stages particularly in the somatic cells (Pl. XIV, Fig. 31) no vacuole was 
seen. Vacuolation of the nucleoli has been reported by several investigators 
in different plants. Wager (1904) observed it of general occurrence in the 
root-tip cells of Phaseolus, and according to Latter (1926) the honeycomb 
appearance of the central part of the nucleolus of Lathyrus odoratus is due to 
the presence of numerous small vacuoles. ‘These attain in many cases a con- 
siderable size in the root tip-cells of Hyacinthus according to de Mol (1926 6), 
who also observed that their number varies sometimes in different nucleoli, 
and in the variety La Grandesse it was striking that many nucleoli occurred 
with one large vacuole in the centre. A single large central vacuole was also 
frequently observed by Sheffield (1927) in Oenothera, and in Oryza sativa it 
attains a comparatively very large size according to Selim (1930). 

Gates and Latter (1927) are of opinion that the vacuolate condition of the 
nucleolus during thread formation of Lathraea suggests loss of nucleolar 
material and its utilization in chromatin formation. Fikry (1930) holds that 
the vacuoles of the nucleolus in the pollen mother-cells of Rumex scutatus 
become more apparent in the prophase, and he is inclined to believe that in 
this case the vacuolation of the nucleolus is due to treatment. 

Zirkle (1928), from his experiments in Zea mays, concluded that a 2 per 
cent. solution of acetic acid fixes the nucleoli as large vacuolate bodies, which 
do not retain the hematoxylin stain. A mixture of 4 per cent. formalin and 
2 per cent. acetic acid fixes them as a solid densely staining body, but the same 
author (1931) observed that in the living cambial cells of Pinus the nucleoli 
contain small droplets of a less refractive substance, and consequently appear 
vacuolate. It may be mentioned here that the vacuolate condition of the 
nucleoli in Zea mays was particularly noticeable according to Fisk (1927). 
Dermen (1933) observed vacuolation of the nucleoli as one of the most impor- 
tant features in living as well as in fixed material of Callisia, Paeonia, and 
Pinus. He thinks that the vacuoles are not permanent features of the nucleoli; 
vacuolation may be considered a normal phenomenon and vacuoles may 
appear and disappear normally. 
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From the existing data and the present material the writer agrees with 
Dormen that vacuolation is a normal feature of the nucleoli in plants, and 
their absence in some of the nucleoli of the resting stages in wheat suggests 
that the flow of nucleolar material,from the nucleoli has not yet started. This 
may also go to explain the observation of F ikry (1930) that vacuolation of the 
nucleoli becomes more apparent in the prophase stage of Rumex scutatus, 
rather than his explanation that it is due to treatment. 

In addition to the vacuoles, one or more shining crystalloid bodies were 
present in the nucleoli, They were not always seen in the resting or the 
early stages, but their presence was particularly noticeable in the late pro- 
phase stages, where in some cases they could be counted as fifteen or more. 
Such crystalline inclusions of the nucleoli have also attracted the attention 
of several workers before. Cleland (1922) observed them in the nucleoli of 
Oenothera franciscana, and de Mol (1926) in the nucleoli of the root-tip 
cells of Hyacinthus. Sheffield (1927) reports the presence of a single large 
highly refractive crystal-like structure within a large vacuole as a constant 
feature of the nucleolus of the premeiotic resting nucleus of Oenothera rubri- 
calyx, whereas the nucleolus of the early prophase contains as many as a 
dozen small crystalloids, each lying within its own vacuole. 

Latter (1926) holds the nucleolar body contained within the nucleolus as 


. ee 


rence of crystal bodies in the nucleoli of the resting pollen mother-cell nuclei 
of Lathraea suggests the Possibility of later formed nucleolar bodies being 
derivatives of the crystalline inclusions. It is very difficult to say anything 
about the chemical nature of these crystalline inclusions, but the fact that in 


vr . 
There was no clear area seen around the nucleolus in wheat, contrary to 


The nucleus can now be described in its early leptotene Stage. At this stage 
also, like the resting Stage, from one to four nucleoli (Pl. XIII, Fig. 1) have been 
seen in tetraploid wheat, and the maximum number observed in the hexaploid 
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was also four. Dermen (1933) in Callisia and Pinus, and Sheffield (1927) in 
Oenothera, have observed the presence of more than one nucleolus at this 
stage. Fusion of the nucleoli at this stage is very common, as seen in 
Pl. XIII, Figs. 2 and 3, and Pl. XV, Fig. 49, shows the fusion of two big’ 
nucleoli in T. vulgare, and (PI. XIII, Fig. 3) in T. dicoccum. From P\. XIII, 
Fig. 2, itis clear that the four nucleoli of 7. dicoccum first fuse into two separate 
pairs, and then these pairs fuse into one big nucleolus which can be termed a 
compound nucleolus. 

Contrary to the observations of Latter (1926) in Lathyrus odoratus, Sheffield 
(1927) in Oenothera, Fisk (1927) in Zea mays, Gates and Latter (1927) in 
Lathraea, Latter (1932) in Malva sylvestris, Mazumdar and Datta (1935) in 
Hibiscus mutabilis, and Nandi (1937) in rice, no budding or fragmentation of 
the nucleolus was seen in the present material. The writer has observed the 
process of fusion of nucleoli only, as described by Fikry (1930) in Rumex 
scutatus, Sorokin (1929) in Ranunculaceous plants, and Kaufmann (1934) in 
Drosophila melanogaster, where he is of opinion that the single nucleolus visible 
in some cells results from the fusion of two original nucleoli, one associated 
with each of the two sex chromosomes. Moreover, Dermen (1933) observed 
the process of fusion only between two nucleoli at prophase in living tissue 
of Callisia, but ‘never observed fragmentation. Besides this, as already ex- 
pressed by Dermen (1933) and as also observed by the writer in the present 
material, the abundance of higher numbers of nucleoli in early stages of 
nuclear development and lower numbers in later stages must mean one thing 
only, that this decrease of number and increase in volume of nucleoli comes 
about through fusion. Thus from these facts it is concluded that the process 
of fusion of the nucleoli is a natural phenomenon. Budding of nucleoli is 
only due to treatment and is considered therefore an artifact, as already ex- 
pressed by Nandi (1937) in rice. 

Tables I and II give the measurements of the relative volumes of nucleoli 
in the leptotene stage of the hexaploid and tetraploid wheats. The measure- 
ments are taken from figures drawn by camera lucida magnified 2,900 times. 

From these measurements it is obvious that the mean of the total nucleolar 
volume is greatest where there is a single compound nucleolus, and diminishes 
progressively where two, three, or four separate nucleoli are present in the 
nucleus. These observations are in perfect harmony with those of de Mol 
(1926 6) in a diploid variety of Hyacinthus where he says ‘that the surface 
and the volume of the two simple nucleoli are equal to those of the complex 
nucleolus. The calculations, however, indicate clearly that both values of the 
complex nucleolus are much greater. As repeatedly in nuclei, lying beside 
each other, the size of the complex and simple nucleoli occurs in a similar 
ratio, it may be supposed perhaps that a part of the material is used up or is 
lost during fragmentation. The same may be said about tri- and tetra- 
nucleolar varieties.’ 

The reason given by de Mol for the increase in volume of the complex 
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nucleolus over the total volume of the nucleoli from which it is composed 
is that perhaps a part of the material is used up or is lost during fragmentation, 
but on the contrary the writer attributes the increase in the volume of the 
complex nucleolus to growth, leading directly to corresponding increase in 


TABLE I 
Nucleolar Volume* in the Leptotene Stage of a Hexaploid Wheat 
Maximum Minimum ; 
No. of volume volume Mean in 
No. of nucleoli per cell. cells, in c.mm. in c.mm. c.mm. 
Single nucleolus 9 1437°3 623°8 1021°7 
Two nucleoli II 1178°5 628-7 885-5 
Three nucleoli a 1039°8 560°4 709°8 
Four nucleoli I 737°0 737° 
TABLE IT 
Nucleolar Volume* in the Leptotene Stage of Khapli Emmer, a Tetraploid 
Wheat 
Maximum Minimum 
No. of volume volume Mean in 
No. of nucleoli per cell. _ cells. in c.mm. in c.mm. c.mm. 
Single nucleolus 12 go5"1 523'8 704:0 
Two nucleoli 13 730°6 335°9 5551 
Three nucleoli Hey 705'6 216°1 486-9 
Four nucleoli 6 603°3 309°8 473°8 


(* Calculated from measurements of diameters of spherical nucleoli in camera 
lucida drawings magnified 2,900 times.) 
diameter of the complex nucleolus after it has been formed by fusion of the 
other nucleoli. Such an increase in the volume of the complex nucleolus has 
been observed by Selim (1930), when he supposed that ‘it is very probable 
that the division of the nucleolus is due to the relative increase of the nucleolar 
material within the mother nucleolus’. 

At leptotene, some of the delicate threads are always attached to the 
nucleolus. Pl. XIII, Fig. 1, shows the early leptotene stage of the tetraploid 
wheat with four nucleoli, Each nucleolus is attached to a single thread at its 
terminus. In rice, Nandi (1937) observed that whenever there were two 
nucleoli, the two bodies with their chromatic threads remained situated near 
the point of attachment between the two nucleoli. Pl. XIII, Fig. 3, is another 
stage where the attachment of four threads at their terminus to the nucleolus, 
which is being formed by the fusion of two nucleoli in the tetraploid wheat, 
is seen. In the hexaploid wheat, Pl. XIII, Fig. 21, shows a single large com- 
pound nucleolus with six leptotene threads attached to it at their terminal 
satellite, which are also clearly seen in the photomicrograph (PI. XV, Fig. 50). 
These attachments are quite in accord with the four satellite chromosomes in 
the tetraploid and six in the hexaploid, observed in the somatic metaphases. 

The association of the nucleolus with the chromosomes has been observed 
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by several workers. Farmer, as early as 1895, observed in the spore mother- 
cells of various Hepaticae that the nucleolus was associated with the chromo- 
somes in an ‘unmistakable and remarkable manner’. Wager (1904), working 
on the root-tip cells of Phaseolus, figures the nucleolus connected to the 
nuclear network by means of very fine threads. 

Latter (1926), after a prolonged detailed examination of the pollen mother- 
cells of Lathyrus odoratus, found one loop of the spireme definitely in contact 
with the persistent deep-staining portion of the nucleolus which she calls 
the nucleolar body, and which was not observed later than the brochonema 
stage. A similar relation was shown in Oenothera by Sheffield (1927), and 
Gates and Sheffield (1929). Gates and Latter (1927) showed it in Lathraea 
and Latter (1932) in Malva sylvestris. Selim (1930) observed it in rice, and 
Percival (1932) showed it in the hybrid T. monococcum x T. aegilopoides. 

Nandi (1937) observed in rice two of the leptotene threads always attached 
to the nucleolus by their terminal knobs, which presumably according to him 
represent the nucleolar body first described by Latter (1926) in Lathyrus, 
and the nucleolar organizing body in the satellite-chromosome of Zea by 
McClintock (1934). Inamore recent paper Nandi (1936) describes two pairs 
of chromosomes with terminal satellites attached to the nucleolus from the 
early prophase stages of meiosis until the time of disappearance of the 
nucleolus at prometaphase. 

Satellites or trabants were first discovered by S. Navashin (1912) on the 
chromosomes of Galtonia, where he says that they are at first situated on the 
surface of the nucleolus, but later become attached to fine threads sent out 
from the body of certain chromosomes. Dermen (1933) observed that in 
Callisia the satellite-chromosome pair holds the nucleolus at its satellite end, 
and that the satellites are normal components of some chromosomes, and not 
free bodies picked up by chromosomes from the surface of the nucleolus. 
According to Smith (1933), the satellites in Galtonia candicans are found paired 
and both in contact with the nucleolus in the prophases of heterotypic division. 

Kaufmann (1934) reports the Y-chromosome of Drosophila melanogaster 
connected with the nucleolus into a short swollen, sometimes almost spherical 
body, and a long rod-like portion which comprises the remainder of the 
chromosome. Often a delicate chromatic thread traverses the substance of 
the nucleolus connecting the two parts, which in the case of the X-chromo- 
some may be removed from each other by a distance equal to the diameter of 
the nucleolus. A similar connecting thread is often seen in the X-chromo- 
some, bridging the proximal secondary constriction after the disappearance of 
the nucleolus. Nemec (1929), in centrifuging the root-tips of Zea, has shown 
it to be highly probable that the nucleolus is connected with the reticular 
threads. Recently Frolova (1936) has described in the salivary gland nuclei 
of Drosophila a definite body, the chromocentre in the nucleus, to which all 
the chromosomes are attached by their proximal ends on one hand, and on the 
other the chromocentre is also connected to the nucleolus by a delicate thread. 
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There are several others who have shown a similar connexion but no 
attempt will be made to enumerate them here, as the essential points of most 
of these workers have been embodied in a paper by Gates (1937), but the 
writer cannot help emphasizing the remarks of Heitz (19315), whois of opinion 
that all plants probably have satellited chromosomes coinciding with the 
number of genomes present in a particular species and that the satellite- 
chromosomes give rise to the nucleoli in telophase. 

The loptotene threads now start to conjugate in pairs. As shown before, 
the attachment of the six leptotene threads at six separate points to the com- 
pound nucleolus in the hexaploid, and of four such threads at four separate 
points in the tetraploid wheat, or of four separate leptotene threads to four 
separate simple nucleoli in the tetraploid wheat, suggests very strongly that 
before the pairing of the homologous leptotene threads, they are situated apart 
from each other, and by some process or other which involves a series of 
movements not understood at the present moment, these threads are brought 
gradually closer and closer, until they show pairing and enter into the 
zygonema stage. Whatever the series of movements or the processes involv- 
ing the union of homologous threads may be, there seems one thing clear, that 
along with the pairing of homologous threads there is going on the fusion or, 
in other words, the pairing of nucleoli, and judging from the fact that there 
are two large and two small nucleoli seen as the maximum in the root-tip 
and pollen mother-cells of a tetraploid wheat, and correspondingly four large 
and two small in the hexaploid wheat, each thus representing a single genom 
to which it belongs, it is suggested that such a pairing of the nucleoli appears 
most probably to be a pairing of homologous nucleoli. In addition to this, 
the process of pairing of such nucleoli throws light on the question of the 
different kinds of nucleoli observed by various investigators. For instance, 
Wilson (1925) has provisionally classified the nucleoli into plasmosomes or 
true nucleoli, and karyosomes or chromatin nucleoli, but until very recently 
there has been no clear evidence of two types of nucleoli in the cells of higher 
plants, according to Gates (1932). 

According to Yamaha and Sinoté (1925), the nucleolus in general can easily 
be distinguished microchemically from the chromosome. Zirkle (1931) from 
his studies concluded that the two variably distinct substances which have 
often been reported as constituting the nucleolar apparatus of living cells are 
especially distinct in Pinus. Neither substance has fixation or staining 
characteristic of chromatin. Fikry (1930) says if staining capacity or colour 
reaction could be used as indications of loss or otherwise of chromatin from 
the nucleolus up to the diffuse stage in the pollen mother-cells of Rumex 
scutatus, then it is evident that the loss is either very small or nil. 

Hedayetullah (1933), in crossing some of the varieties of rice, found 
that the pollen of a variety with two large nucleoli when crossed with the 
variety with one large nucleolus or with the variety with two unequal nucleoli 
gave a hybrid with two unequal nucleoli in the pollen mother-cells. Dearing 
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(1934) holds that the intensely and homogeneously stained nucleolus in 
Amblystoma tigrinum is composed of peripheral chromatin granules and a 
central reticulum; that the nucleolus exhibits an achromatic and a chromatic 
phase; the former manifests itself in late prophase, metaphase, anaphase, and 
early telophase, while the latter occurs in middle and late telophase, inter- 
kinesis, and early prophase. 

In the present work, although no distinct differentiation in the staining 
capacity has been observed, on de-staining the nucleoli have always been found 
constantly to lose their stain more rapidly than the chromosomes, appearing 
very pale in colour; thus supporting the view that the deeply staining cover 
of the nucleolus is not of chromatin nature, as already expressed by Zirkle 
and Yamaha' and Sinot6, and that it is quite distinct from the yellow ground 
substance in its composition as held by Gates (1907). 

The nucleoli in the pollen mother-cells of wheat are related to separate 
genomes and may differ from each other in their internal constitution; this 
may account for the differences in their staining capacity or the varying quanti- 
ties of plastin and chromatin observed by other workers. Photomicrograph 
(Pl. XV, Fig. 46) shows the amphitene condition, when both paired and 
unpaired threads can be seen. At a and bare two leptotene threads connected 
by their terminal satellites to the nucleolus, and at c are seen two other threads 
which are lying parallel to one another, with their satellited knobs more or 
less joined together. The threads a and b are homologous threads which have 
not yet paired, while the two threads lying parallel to one another at c have 
more or less paired at the satellited end, while for their remaining part they 
are lying parallel to one another. Hence it’is concluded that the pairing in 
wheat starts evidently at the ends of the threads, and gradually proceeds 
farther to the remaining parts of the homologous threads, which have by this 
time come to lie parallel to each other. 

In rice Nandi (1937) finds that the unpaired leptotene threads with their 
free ends begin to run parallel to one another, and then they pair closely 
with each other, here and there; the mode of pairing is parasynaptic and com- 
mences at the ends of the chromosomes. A similar type of pairing has been 
described by Huskins and Hearne (1931) in oats, by Koshy (1934) in Allium, 
and Naithani (1937) in Hyacinthus; and from the present material the writer 
agrees with Catcheside (1931) that synapsis commences at the ends of the 
chromosomes and proceeds towards the attachment constriction. 

The further pairing of the threads seems to be a very gradual process, and 
it is accompanied by a gradual shortening and thickening of the individual 
threads. It may be mentioned here that the tight synizetic knot described 
by various writers has never been noticed in the present material and the 
writer thus agrees with Fikry (1930) that the presence of such a knot is not 
a natural phenomenon, but is due to the action of the treatment of the nucleus, 
which at this stage is extremely sensitive to the action of reagents. 

The pairing is complete at the zygonema stage, and the double threads at 
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this stage are present in the haploid number. Consequently only two bi- 
valents (PI. XIII, Fig. 4) in the tetraploid and three (Pl. XIII, Fig. 22, and 
Pl. XIV, Fig. 43) in the hexaploid parent and hybrid are seen attached by 
their terminal satellites to the nucleolus, which is vacuolated and granulated. 
Pl. XV, Figs. 45 and 51 are photomicrographs of tetraploid and hexaploid 
wheats respectively, showing the attachment of two bivalents in the former 
and three (marked by arrow) in the latter by their terminal knobs at this stage. 

The beaded appearance due to the presence of chromomeres, described by 
so many workers, was not at all noticed, but on the contrary the spiral nature 
of the bivalent threads at this stage was very clear, as shown in photomicro- 
graph (Pl. XV, Fig. 48, marked by arrow). It is just possible, as already 
suggested by Gates and Nandi (1935) in Oenothera, and Naithani (19378) in 
Hyacinthus, that the nodes and internodes formed by the twisting about 
each other of the two spiral threads may, owing to optical illusion, give the 
false appearance of chromomeres. The gradual shortening and thickening 
of the threads finally leads to the pachytene stage (PI. XIII, Fig. 23). The 
pairing is now complete. The loop formation of the bivalents, described by 
Cleland (1922) in Oenothera franciscana, by Latter (1926) in Lathyrus odoratus 
and by Gates and Nandi (1935) in Oenothera at this stage, were not at all 
observed in the present material. 

In the later stages the behaviour of one bivalent attached to the nucleolus 
is different from the behaviour of the other similarly attached, both in tetra- 
ploid and hexaploid wheats. Pl. XIII, Fig. 5, and Pl. XIII, Fig. 24, show the 
diplonema stages in tetraploid and hexaploid wheat respectively. In Pl. XIII, 
Fig. 5, there is shown one bivalent attached by its terminal satellite to the 
nucleolus, while the other bivalent is lying close to a deeply stained body 
attached to one edge of the nucleolus. Similarly in the next diagram and 
photomicrograph (Pl. XV, Fig. 47, pointed by an arrow), one bivalent and 
the deeply stained body are shown attached to the nucleolus. When it was 
seen for the first time, it was rather difficult to give an interpretation of this 
deeply stained body which was constantly found in many preparations. But 
later it was observed that the chromosome is normally attached by a very fine 
thread to the satellite, which remains attached to the nucleolus as shown in 
Pl. XIII, Fig. 7, which is the early diakinesis stage. As this thread is very long 
and delicate it naturally breaks in some of the preparations, and thus in 
tetraploid wheat a single bivalent and another body, really the separated 
satellite, are seen attached to the nucleolus in many of the preparations. 

Similarly in the hexaploid wheat, Pl. XIV, Fig. 26, shows the two bivalents 
attached to the nucleolus by their deeply stained terminal satellites, while the 
third bivalent is stretched into a thread which is carrying the deeply stained 
satellite at its tip attached to the nucleolus. The same is clear from the 
photomicrograph (Pl. XV, Fig. 52, pointed by an arrow). Pl. XIII, Fig. 25, 
shows similarly the two bivalents and the deeply stained body (satellite) 
attached to the nucleolus where evidently the thread has been broken. Pl. XIV, 
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Fig. 37, is diakinesis stage of the hexaploid hybrid showing the attachment of 
three bivalents to the nucleolus. Here also the delicate thread connecting the 
satellite with the body of the bivalent has been broken (indicated by an arrow). 
Thus it is seen that one of the bivalents both in tetraploid and hexaploid wheat 
is stretched into a fine thread carrying at its tip the satellite which remains 
attached to the nucleolus. 

Kaufmann (1934) observed the Y-chromosome of Drosophila melanogaster 
which is connected with the nucleolus and is divided by it into a short, swollen, 
sometimes almost spherical body, and a long rod-like portion which comprises 
the remainder of the chromosome. Often a delicate chromatic thread traverses 
the nucleolus connecting the two parts which, as in the case of the X- 
chromosome, may be removed from each other by a distance equal to the 
diameter of the nucleolus. Baranov (1926) says that the satellites of Drimopsis 
maculata were attached to the nucleolus in the prophase, and in later stages 
were picked off by their respective chromosomes. In this case, as already 
suggested by Gates, evidently the delicate thread connecting the prophase 
chromosome to its satellite was broken in the process of fixation. Dearing 
(1934) describes a similar thread connecting the satellites to the chromosome, 
in the case of Amblystoma. 

The nucleolus in wheat diminishes gradually in size from zytogene on- 
wards, until it totally disappears at late diakinesis. This is'in contradiction 
to the observations of Dermen (1933) in Callisia and Pinus where no diminu- 
tion of the nucleolus was observed from the resting stage, when it reaches its 
maximum value, until the end of prophase before the nuclear membrane dis- 
appears. It may also be pointed out here that in the present material the 
nucleolus reaches its maximum size in the leptotene stage. Ordinarily the 
number of nucleoli from zygotene onward is always one, but in one prepara- 
tion of the tetraploid wheat two nucleoli were seen. The nucleoli here evi- 
dently have failed to fuse from the very early stage, and a similar observation 
in rice is also described by Nandi (1937). 

The nucleoli at this stage are very much granulated and vacuolated also; 
they keep their spherical shape and take any position inside the nucleus and 
the appearance of these crystallized bodies becomes more and more prominent 
the nearer the nucleolus approaches the limit of disappearance. When two 
nucleoli were observed at diakinesis, their disappearance was more or less 
simultaneous, and like rice (Nandi, 1937) no budding, fragmentation, or part- 
ing of granules into the cytoplasm was observed at the time when the nucleo- 
lus disappears. alt 

Contrary to the observations of Nandi (1937) in the Indian rice, Basantra 
Bahar, no univalents were observed at diakinesis in the present material. The 
individual chromosomes continue to contract in size throughout diakinesis. 
The bivalents are scattered peripherally in the nucleus and not grouped 
around the nucleolus as described by Sax (1922) in wheat. With extreme 
contraction the chromosomes finally become smooth in surface and their 
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stainability is increased, while that of the nucleolus is decreased, suggesting 
that the stainable material of the nucleolus has passed to the chromosomes. 

Pl. XIII, Fig. 9, is a prometaphase of the tetraploid wheat. The nuclear 
membrane and the nucleolus have disappeared, but comparing the size of the 
bivalents at this stage with those of the metaphase (Pl. XIII, Fig. 10) it is 
obvious that they have not undergone complete condensation and contraction. 
Their ring- or rod-shaped structures are quite evident now. Although they 
have not undergone a complete contraction, it is not possible to distinguish 
the satellited chromosomes, the satellites of which appear to have become 
merged into the body of the chromosome, leaving no trace of the fine thread 
which was connecting the satellite with the body of one of the bivalents. As 
the intermediary stages have not been seen, it is concluded that the change 
which the bivalents undergo from diakinesis to prometaphase is a very rapid 
one. At metaphase the condensation of the bivalents which are situated on the 
equator of the spindle is complete. Fourteen bivalents have always been 
counted in the tetraploid (Pl. XIII, Fig. 10) and 21 in T. vulgare (Pl. XIV, 
Fig. 27) and the hexaploid hybrids (Pl. XIV, Fig. 38). 

Although the bivalents show considerable differences in their size, it was 
not possible to classify them into different size groups, due to these differences 
merging one into the other. Contrary to the observation of Cleland (1922) 
in Oenothera franciscana, where he describes a prominent black staining little 
body, the endo-nucleolus, which outlasts the nucleolus in metaphase, no such 
body was observed in wheat, and although a vigorous search was made to 
distinguish the satellite chromosomes from the rest, it was not possible to 
do so at this stage. 

The polar view of the late anaphase (Pl. XIII, Fig. 11) shows that the 
homologous chromosomes are equally distributed on both sides of the equa- 
torial plane, each chromosome on one side having a recognizable homologue 
on the other side. Thus the distribution of the chromosomes to two poles is 
always normal, and the two nuclei in the telophase are normally constituted. 
Interkinesis is marked by the appearance of the cell wall, and by the rapid 
growth and enlargement of the two daughter nuclei. The spindle fibres 
gradually disappear between the two nuclei and the individual chromosomes 
become more elongated and assume a more or less parietal position, being 
connected to one another by means of anastomosing strands. Contrary to 
the observations of Latter (1926) in Lathyrus odoratus, where no nucleoli 
are formed between the two nuclear divisions, definite nucleoli arise in wheat, 
three being the maximum number in hexaploid and two in tetraploid wheat 
(Pl. XIV, Fig. 28 and Pl. XIII, Fig. 14) respectively. These nucleoli arise as 
definite bodies in contact with the chromosomes, although no definite con- 
nexion could be established with any particular chromosome at this stage. 

Van Camp (1924) is of opinion that the nucleoli originate from the chromo- 
somes at telophase in the form of small globules which later by fusion form 
one large nucleolus. Gates and Sheffield (1929) observed in Ocenothera 
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rubricalyx that small spherical faintly staining nucleoli appear to arise de nova 
in contact with the chromosomes. Several may appear in each daughter 
nucleus. Heitz (19315) attributes the origin of the nucleoli to the satellite 
chromosomes, especially on and around the achromatic thread that connects 
either a satellite or a constricted arm with the chromosome. McClintock 
(1934) thinks that the nucleolus is organized in the telophase by an enlarged 
morphologically distinct deep staining chromosomal body which appears at 
a definite position on one chromosome of each haploid complement of Zea 
mays. Nandi (1937) is of opinion that the nucleolus-like globules at the 
telophase represent the original nucleolar material of the mother nucleus, 
which passed into the metaphase chromosomes and was carried as such to the 
daughter nuclei in the anaphase chromosomes. In the heterotypic telophase 
the nucleolar material present in each chromosome gets liberated as small 
globules which, under the influence of the nucleolar body present in one 
chromosome of the haploid complement, is organized into a definite nucleolus 
that remains associated with one particular chromosome. 


Homorypic Division 


Before the formation of homotypic spindles the condensing chromosomes 
take up more definite form, losing the appearance of anastomosing threads. 
The nuclear membrane and the nucleoli gradually disappear. The chromo- 
somes take a deeper stain due to their matrices becoming more conspicuous 
about their chromonemata and they take their position now on the equatorial 
plate of the spindle (PI. XIII, Fig. 12, Pl. XIV, Figs. 29 and 36). At this stage 
they appear long, slender, curved and more or less bi-armed threads, re- 
sembling more the somatic chromosomes than those .of the first meiotic 
division. Their number at this stage is fourteen for tetraploid and twenty- 
one for hexaploid wheats. The satellited chromosomes were not recognizable. 

In the anaphase the two chromatids move normally to the opposite poles. 
Pl. XIII, Fig. 16, is a late anaphase of the tetraploid wheat. In the hexaploid 
hybrid (Pl. XIV, Fig. 44) some lagging chromosomes are observed, but the 
formation of normal tetrads in the latter stage shows that the laggards ulti- 
mately reach the poles. Similar laggards were observed by Latter (1926) in 
Lathyrus odoratus. The grand-daughter nuclei are formed in the same way 
as the daughter nuclei. They grow rapidly and the individuality of the 
chromosomes is soon lost, giving the appearance of a delicate reticulum 
(Pl. XIV, Fig. 35) interlaced with particles of chromatin of various sizes. 

Nucleoli are developed in the grand-daughter nuclei, with the development 
of anastomosing strands between the chromosomes in the same way as in the 
heterotypic telophase. Cleland (1922) observed one to several nucleoli in 
the daughter nuclei of Oenothera at this stage. In wheat one or two nucleoli 
in the tetraploid and one, two, or three in the hexaploid have been observed 
at this stage. Pl. XIV, Fig. 35, shows all the four cells in a tetrad of tetra- 
ploid wheat with two nucleoli. Pl. XIII, Figs. 13,15, and 17, are the different 
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stages of the quartets showing two nucleoli in the tetraploid wheat. Pl. XIV, 
Figs. 30 and 33, are tetrad cells from the hexaploid wheat showing three 
nucleoli in each. Pl. XIV, Fig. 30, shows the fusion of two nucleoli from 
a very early stage, while the third nucleolus is separate. It shows that the 
fusion of the nucleoli may begin in early telophase. 


POLLEN GRAINS 


Pl. XIV, Figs. 39, 40, and 41 show the young pollen grains of the hexa- 
ploid hybrid. They are smooth and more or less oval and somewhat irregular 
in form and size. They are characterized by a single germ pore which is 
closed by a minute lid or operculum, which is pushed aside at the time of 
development of the pollen tube. This germ pore arises as a small bulge in the 
form of a beak (PI. XIV, Fig. 39). Later this beak is surrounded bya thickened 
area which forms the thick rim of the germ pore (Pl. XIV, Figs. 40 and 41). 
The occasional formation of two germ pores, as described by Percival (1926) 
in the pentaploid hybrid, A. ovata x T. vulgare, was not met with at all. 


CyYTOMYXIS 


Pl. XIV, Fig. 34, shows the phenomenon of cytomyxis at the zygotene stage 
of the hexaploid hybrid. A part of the chromatin material is being injected 
into the adjacent cell. The nuclear membrane of the cells showing cytomyxis 
is very delicate, and the cytoplasm also shows a little shrinkage. Cytomyxis 
was described by Gates (1911) in Oenothera gigas, when he applied this term 
to the process of extrusion of chromatin from the nucleus of one pollen mother- 
cell into the cytoplasm of an adjacent cell. Gates and Latter (1927) observed 
that in addition to the occurrence of cytomyxis in the prophase of Lathraea, 
it also occurs during interkinesis. Kattermann (1933) described it in the 
pollen mother-cells of Triticum x Secale hybrids, Kihara and Lilienfeld 
(1934) in hybrids between Triticum and Aegilops, and Percival (1930) in 
the hybrid A. ovataXx T..monococcum. Cytomyxis is a very familiar phe- 
nomenon in many plants, particularly in the grasses. 

Church (1929) has described the various types of grasses displaying different 
kinds of cytomyxis. The first type are those where the phenomenon is seen 
only in the spireme stage, but with the resultant extrusions persisting in later 
stages. [hese are Andropogon scoparius, Digitaria sanguinalis, Spartina 
michauxiana, and Festuca rubra. The second type exhibits such chromatin 
' loss to the extent that the process is still manifested in diakinesis. Among 
these he describes Ammophila breviligulata, Alopecurus pratensis, Phalaris 
canariensis, Paspalum muhlenbergit, and Echinochloa Crus-galli. The third type 
is that where it is observed in abundance at diakinesis as in the dichotum type 
of Panicum. Church is of opinion that the greatest amount of cytomyxis is 
correlated with the greatest amount of irregularities in the maturation divi- 
sions, and an excessive amount of cytomyxis in all stages of the prophase may 
result in irregularities in the heterotypic metaphase in which chromosomes on 
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or off the spindle may be partly stranded in adjacent cells. In the case of 
Miscanthus sinensis var. zebrinus, the heterotypic spindle has been seen stranded 
between two mother-cells and cytomyxis was observed here in all stages. 

From the present study, and also from the fact that cytomyxis so far as 
wheat is concerned was before noted only in the hybrids Triticum x Secale 
and Triticum x Aegilops, the author agrees with Church in saying that even 
if the phenomenon can be proved not to be an exclusively hybrid characteristic 
its occurrence is manifestly associated with hybrids, although the probability 
of its also being of pathological nature cannot be totally excluded. Pl. XIV, 
Fig. 42, shows an abnormal stage of the late anaphase from the hexaploid 
hybrid, where instead of the expected twenty-one chromosomes going to each 
pole, about forty-two were observed. 


THE PROBLEM OF Rust RESISTANCE 


The problem of immunity or susceptibility of wheat to the attacks of rust 
fungi is a very complicated one, which in spite of the efforts of geneticists, 
mycologists, and physiologists in the last fifty years, is standing unshakable 
so far as its control is concerned. Geneticists have tried to evolve rust- 
resistant varieties of wheat which appear to have done well for several years, 
but later on seem to have lost their rust-resistant quality. Pole-Evans (1911) 
observed that certain wheats recommended for rust-resistant qualities holding 
good for several years in succession had fallen prey to rust in course of time. 

The general deterioration and reversion of certain varieties of wheat, which 
farmers allege will, according to Engledow (1927), raise for the students of 
heredity certain problems; the solution of which will call for special and diffi- 
cult experiments. In the present work too, the ‘Sherbati’ hybrids which have 
for several years held a position of pride amongst the wheats of C.P. and 
Berar, appear to have lost their rust-resistant capacity in due course. These 
facts not only add to the complexity of this problem, but open a way for a 
reasonable question as to the cause for this deterioration. . 

Marshall Ward (1902) found no resemblance between the infection curve— 
as it may be termed—and the curves of the sizes or of the numbers of stomata, 
of the sizes and numbers of hairs, of the area of the leaves, or in short the 
curves of any other structural factors of the leaf. 

In his studies on the inheritance of disease resistance, Biffen (1907, 1912) 
observed that on crossing immune and susceptible varieties the resulting 
offspring are susceptible; these on selfing produce immune and susceptible 
descendants in the proportion of one of the former to three of the latter, the 
degree of susceptibility being variable. Moreover, when the degree of suscep- 
tibility differs in the two parents, the hybrid resembles the more susceptible 
parent in that respect, and among the descendants of such hybrids the degrees 
of susceptibility appear in the usual Mendelian ratio of one slightly to three 
very susceptible individuals. The resulting immune forms breed true to this 
characteristic in the succeeding generation. Any factor altering in any way 
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the metabolic processes of the plant in turn alters the degree to which it is 
attacked by yellow rust and probably other fungi as well, and immunity was 
found to be independent of any recognizable morphological feature. 

Marryat (1907) attributed the immunity to disease to the production of 
certain toxins and antitoxins by host or parasite, or both, which are mutually 
destructive. Butler (1905) considered that the inheritance of resistance and 
susceptibility to rust may hold for a given rust in a particular locality; it may 
or may not hold when the wheat is exposed to the attacks of a second species 
of rust or when it is transferred to another locality. His experience in India 
seems to show that resistance to yellow rust (Puccinia glumarum) does not 
imply resistance to orange rust, P. triticina, and it is certain that these charac- 
ters alter with change of locality. He observed that several hybrids resistant 
to Australian rusts have proved susceptible to the same rust in India. 

Pole-Evans (1911), from his studies on the problem of rust resistance, 
concluded that the rust which has passed through a hybrid plant produces 
a far more severe infection than the rust from the susceptible parent, that is, 
the pathogenic properties of the rust are increased after its sojourn in a 
favourable host. Whether this is simply due to the fungus being in a more 
vigorous condition for attack or whether there are more subtle reasons for it 
he could not say, but he is definite that such hybrid plants may play a very 
important part in the transmission of rust organisms from susceptible to 
immune varieties, that is, the hybrid acts as an intermediary in the passage 
of the rust from a susceptible to an immune parent. 

Stakman and Levine (1922) have shown that Puccinia graminis tritici 
(Pers.) Erikss., and Henn in reality consists of many biologic forms, which 
can be recognized by their action on different varieties of wheat. According 
to Stakman and Piemeisel (1917), more than one biologic form of Puccinia 
graminis may occur on the same host in nature, sometimes even on the same 
plant, and the different strains of the same biologic forms sometimes differ 
in virulence on the same host; but the differences are usually in degree only. 
Furthermore they are of opinion that the rate of development of a given 
biologic form depends on the vigour of the rust strain, the kind, and some- 
times the age of the host plant, the amount of light, heat, and humidity. Sun- 
light, high relative humidity, and moderate temperatures up to about 75° F., 
are favourable to rust development. Probably the hypothesis of ‘bridging’ 
species owed its development to the presence of different biotypes of the same 
fungus. 

According to Hayes, Parker, and Kurtzwell (1920), susceptibility is a 
dominant character in crosses between resistant Durums and susceptible 
common wheats, and a recessive character in crosses between resistant Em- 
mers and susceptible common wheats. Nilsson-Ehle (cited by Hayes, Parker, 
and Kurtzwell) seldom found distinct dominance of susceptibility. The F, 
generation was intermediate and in other cases resemblance to one or other 
parent was observed. He explained his results on the basis of multiple factors. 
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Waldron (1921) has suggested that the linkage of Durum head character and 
rust resistance in the segregates of a cross between Durum and acommon wheat 
might be due to the linkage, and that crossing-over would produce the occa- 
sional resistant Vulgare type which is sometimes found. 

Hynes (1926) states that from a cross of Marquis x Jumillo with Marquis x 
Kanred it appears that two chromosomes or parts of chromosomes which 
contained factors for resistance were obtained from the Durum parent, and 
were combined with chromosomes of the Vulgare group. 

Biffen and Engledow (1926) got a ratio of 1 : 3:07 of resistant to suscep- 
tible types in a cross between Michigan Bronze, which is excessively susceptible 
to yellow rust, and American Club, a highly resistant wheat; but they observed 
also that this was only a partial explanation of the facts, for they could distin- 
guish two groups of susceptible plants, one of true susceptibles resembling 
Michigan Bronze in the intensity with which they were attacked, and the other 
of intermediates with a wide range of susceptibility, but on the whole less 
than that of the former. Waterhouse (1930), from his experiments in Australia 
on the inheritance of resistance to Forms 43 and 46 of P. graminis tritici, 
concluded that resistance is due to a single dominant factor. On the other 
hand, the inheritance of resistance to Form 34 was due to one factor (or more) 
with clear dominance of susceptibility. 

Kostoff (1936) remarks that the investigations carried out by Vavilov 
showed that 14-chromosome wheats (i.e. the Monococcum group) are most 
resistant to certain fungus diseases, 28-chromosome wheats (Durum group) 
being less resistant, and finally those with forty-two chromosomes (Vulgare 
group) being most susceptible. On the basis of this regularity another 
question arises. Is there any causal dependence between the chromosome 
number and susceptibility in wheat plants? According to the law of the 
nucleo-cytoplasmic ratio 28-chromosome species should have larger cells, and 
42-chromosome ones much larger than the 14-chromosome species. Direct 
investigation showed that this was rarely true. The species with the larger 
chromosome number are more susceptible and they have larger cells. This 
suggested the idea that the immunity of the species with small chromosome 
numbers might be rather a mechanical one than physiological, because the 
fungus hyphae penetrate much more easily through the larger stomata of the 
Vulgare group, than through the smaller ones of the Monococcum group. ‘This 
regularity might have a general significance, but it has not an absolute validity. 
T. Timopheevi represents an especially good example in these respects. It 
has 28 chromosomes, twice as many as Monococcum; nevertheless it is more 
resistant and to many more fungus diseases than T. monococcum. ‘The amphi- 
diploid plant 7. Timococcum has as many chromosomes as T. vulgare, namely 
forty-two, but it appears to be as resistant as the parental forms, although 
this is not a final conclusion because it was based on the reaction of a single 
T. Timococcum plant. 

In the present work it is seem that the ‘Sherbati’ hybrid, a cross between 
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T. dicoccum ‘Khapli’ and T. vulgare, was rust resistant to begin with, but in 
the course of time it lost its property as a rust-resistant wheat. In this respect 
it agrees with the observations of Pole-Evans (1911). The‘Sherbati’ wheat is 
a cross between 7. vulgare, an awnless but susceptible wheat having forty-two 
chromosomes, and T. dicoccum, a fully awned but perfectly immune wheat 
having twenty-eight chromosomes, and it is a selection in F, by Evans. The 
F, from this cross must have contained twenty-one Vulgare plus fourteen 
Dicoccum chromosomes. In meiosis the fourteen Dicoccum paired with 
fourteen of the Vulgare chromosomes, while the behaviour of the other 
seven chromosomes was irregular, thus giving rise to segregates varying from 
twenty-eight chromosomes to forty-two chromosomes. The F, or later 
segregates with forty-two chromosomes would therefore be made up of 
twenty-eight chromosomes from Vulgare plus 14 from Dicoccum. 

The present generation of Sherbati wheat has forty-two chromosomes, out 
of which there should be at the maximum fourteen chromosomes from the 
Dicoccum parent, but from its F, up to the present generation the following 
results of the Vulgare and Dicoccum segregates, on the basis of the shuffling 
of their chromosomes in meiosis, could be possible: 


F.. Chromosomes 42. Vulgare 28 + Dicoccum 14. 
In the subsequent generations 
segregates with the following 
numbers of chromosomes are 


possible: 
No. 1 21 + ° 
2 20 + I 
3 19 a Z 
4 18 5 3 
5 17 ae 4 
6 16 + iB 
Z 15 a 6 
8 14 —- 7 
9 13 + 8 
b Ke) 12 a= Oe. 
II II a be) 
12 10 + II 
13 9 + 1) 
14 8 + 13 
15 7 = 14 


On the assumption that the fourteen chromosomes from the Dicoccum all 
carry genes for rust resistance, the segregate No. 15 will be fully resistant and 
bearded, and the quality of rust resistance will decrease from No. 1 5 to No.1 
segregate. No. 1 segregate will therefore be most susceptible, like its Vulgare 
parent. Now a glance at the photograph (PI.XV, Figs. 53-67) shows clearly 
that these segregates, which are possible on mathematical grounds, can be 
identified by the shape of the ears and the length of the awns. Some of them, 
as for instance PI.XV, Figs. 55 and 56, approach very closely to the Vulgare 
parent (Pl. XV, Fig. 53), in these characters, and these will be very suscep- 
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tible while others are intermediate, and in still others (Pl. XV, Figs. 63, 65, 
66, and 67) the awns resemble more the Dicoccum parent (PI. XV, Fig. 54). 
From this hypothesis it is clear that there is a direct relation between the 
length of the awn and the quality of rust resistance, which ultimately appears 
to depend on the number of chromosomes present from the Dicoccum parent. 
In these segregates plants with longer awns show greater resistance, and they 
therefore probably possess more chromosomes from the Dicoccum parent. 
It may be remarked here that Sax (1923), working with similar hybrids from 
forty-two chromosome wheat T. vulgare with twenty-eight chromosome wheat 
T. durum, observed also that the true awnless segregates were very susceptible 
while the segregates with very long awns were resistant to rust, and with 
an increase in awn lengths the power of resistance increased. He also ob- 
served that there was a very high degree of correlation between chromosome 
number and rust resistance, head type, keel shape, and spikelet shape. 

Waldron (1921) and Hynes (1926) have concluded that one pair of Durum 
chromosomes is. responsible for the resistance. In the present paper it is 
concluded that the genes for resistance to a given rust are carried by many 
of the chromosomes of the Dicoccum parent in the ‘Sherbati’ hybrids. The 
number of these chromosomes will determine whether a given segregate is 
fully or partially rust resistant, and in their absence the segregate will be 
entirely susceptible. Further work is necessary to determine whether all 
chromosomes of Dicoccum are equally concerned in genic resistance to rust, 
or whether some chromosomes contain more potent genes than others. 

In the light of this view, the crosses between fully rust resistant and fully 
susceptible varieties or species will not give a true 1 :3 ratio of immune to 
susceptible, but the hybrids will show different grades of immunity and sus- 
ceptibility according to the shuffling of the chromosomes. The same was 
observed by Biffen and Engledow (1926) when they say that the ratio of 
1 : 3°07 of immune to susceptible which they obtained was only a partial 
explanation of the facts, for the susceptible group showed a wide range of 
susceptibility. Moreover, susceptibility should not always be a dominant 
factor, but its behaviour will depend on the number of chromosomes carrying 
genes for rust resistance present in the parent crossed, and this was actually 
observed by Hayes, Parker, and Kurtzwell (1920) when they found that in 
some of the crosses it was dominant while in others it was recessive, and also 
by Nilsson-Ehle who seldom found dominance of susceptibility. 

The observation of Butler that several hybrids resistant to rusts in Australia 
proved susceptible to the same rust in India can be easily interpreted on the 
ground that in these hybrids also shuffling of the chromosomes carrying genes 
for rust resistance took place in meiosis, resulting in some of the segregates 
being fully susceptible, and therefore this behaviour of the hybrids need not 
necessarily be attributed to the change in locality. Moreover, if it be due to 
the change in locality, then ‘Khapli Emmer’ should show such a change from 
place to place; but this is not the case, as it has been reported to be perfectly 
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immune from all parts of the world. It may also be added that Marshal Ward 
as early as 1902 expressed the opinion that the resistance to infection of the 
immune or partially immune species and varieties is not to be referred to 
observable anatomical or structural peculiarities, but to internal, i.e. intra- 
protoplasmic properties, beyond the reach of the microscope, and similar in 
their nature to those which bring about the essential differences between 
species and varieties themselves. 


SUMMARY 


1. The cytology of the following wheats from the Department of Agri- 
culture, C.P. and Berar (India), is dealt with: 

(a) Triticum dicoccum var. Indicum, popularly known as ‘Khapli C.P.’ 

(6) T. vulgare var: albidum Ax. departmental wheat Ao88, and popularly 

known as ‘Mudya’. 

(c) A112, A113, and Aras, the three sister strains of the hybrid between 

(a) and (6). Popularly they are known as ‘Sherbati hybrids’. 

2. The morphology of the metaphysic chromosomes in somatic mitosis 
has been studied. 1. dicoccum has two pairs of satellited chromosomes, one 
of the pairs being tandem satellited. Of the remaining twelve pairs, eleven 
have one constriction each, whereas the twelfth has two constrictions. The 
chromosome set of T. dicoccum is made up of two different sets, A and B, 
based on the morphology of their chromosomes. 

3. T. vulgare has three pairs of satellited chromosomes, one of the pairs 
being tandem satellited. Of the rest there are 12 pairs with only one constric- 
tion, whereas three pairs have two constrictions, and the remaining three pairs 
have three constrictions each. From the morphology of chromosomes in 
I. vulgare it is evident that no two pairs of chromosomes are identical, and 
that the forty-two chromosomes represent three different sets, A, B, and C. 
Further investigation of the chromosome morphology of wheat and allied 
genera will lead to a better understanding of the origin of T. vulgare. 

4. From the morphology of the chromosomes of ‘Sherbati hybrids’ which 
are hexaploid and are about in their twenty-third generation, it is concluded 
that shuffling of the parental chromosomes has taken place. They also show 
six satellited chromosomes, one of the pair being tandem satellited. 

5. From the measurements of the single and compound nucleoli in the 
leptotene stage, it is concluded that the mean total nucleolar volume is greatest 
when there is a single (compound) nucleolus, and diminishes progressively 
when two, three, or four separate nucleoli are present. The differences in 
size and in staining capacity between the nucleoli of one cell may result from 
their belonging to separate genomes, 

6. Four leptotene threads in tetraploid and six in hexaploid wheats are 
attached at separate points to the compound nucleolus formed by the fusion 
of smaller nucleoli. In tetraploid wheat the four separate leptotene threads 
were also observed attached separately to each of the four nucleoli. 
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7. From diplotene onwards to diakinesis, one of the bivalents attached to 
the nucleolus both in tetraploid and hexaploid wheats is normally connected 
by a long and very fine thread to the satellite which remains attached to the 
nucleolus. At metaphase the satellites become merged with the body of the 
chromosomes. No chromomeres were seen in the chromosomes of wheats, 
which are always spirally coiled in structure. 

8. The maximum number of nucleoli in the nucleus of 7. vulgare is six, 
four big and two small, and in T. dicoccum four, two big and two small, both 
in root-tip cells and pollen mother-cells. The nucleoli are granulated and 
vacuolated in all stages, and vacuolation is considered to be a normal feature 
of the nucleoli of wheats. 

9. Definite nucleoli arise in the interkinesis stage in contact with the 
chromosomes, three being the maximum number in hexaploid, and two in 
tetraploid wheats. In the tetrad stage the nuclei of tetraploid wheat contain 
a maximum of two nucleoli, and of hexaploid a maximum of three. 

10. The occurrence of cytomyxis may be associated with the hybridity in 
wheat, although the probability of its being of pathological nature is not totally 
excluded. 

11. The various degrees of susceptibility to rust fungi in segregates from 
the ‘Sherbati hybrid’ wheats indicate that all the chromosomes of the 
Khapli parent are probably carrying genes for rust resistance. 
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to whom I wish to express my indebtedness and sincerest gratitude for his 
invaluable help and suggestions throughout the course of this study. 

I also take this opportunity of expressing my heartfelt gratitude to J. H. 
Ritchie, Esq., M.A., I.A.S., formerly Director of Agriculture, Central 
Provinces and Berar, but at present Director of Agriculture, United Provinces 
(India), for very kindly giving me the opportunity of this work. My thanks 
are also due to J. C. McDougall, Esq., M.A., I.A.S., Director of Agriculture, 
Central Provinces, for sparing me from my normal duties in order to devote 
my full attention to this problem. 


LITERATURE CITED 


BALLy, W., 1912. Chromosomenzahlen bei Triticum- und Aegilops-arten. Ber. d. deuts. bot. 
Ges., xxx. 163-72. oe 

Baranov, P., 1926: Cytologische und embryologische Untersuchungen an Drimiopsis macu- 
lata Lindl. Zeits f. Zellforsch. mikr. Anat., tii. 131. / 

Buatia, G. S., 1938: A New Variety of ‘Khapli Emmer’ Wheat from India and its Bearing 
upon the Place of Origin of Emmer Wheats. (Journ. Genetico, xxxv. 321-30.) aes 

Burren, R. H., 1907: Studies in the Inheritance of Disease Resistance. Journ. Agric. Sci., il. 

10-28. is 

1912: Studies in the Inheritance of Disease Resistance. II. Journ. Agric. Sct., 1v. 41—3- 


366 Bhatia—Cytology and Genetics of 


BirFEen, R. H., and ENGLEDow, F. L., 1926: Wheat Breeding Investigations at the Plant 
Breeding Institute, Cambridge. Agric. Res. Monograph 4. London. 

Butter, E. J., 1905: The Bearing of Mendelism on the Susceptibility of Wheat to Rust. 
Journ. Agric. Sci., i. 361-3. 

Camara, A. DE Sousa DA, 1935: Efeitos dos Raios-X nos cromosomas do Triticum mono- 
coccum Sua analise na apreciacao da filogenia do Trigo. An. d. Inst. sup. d. Agronomia, 
vii. 5-38. 

Cire. D. G., 1931: Critical Evidence of Parasynapsis in Oenothera. Proc. Roy. Soc. B., 
cix. 165-84. 

CHURCH, CG a 1929: Meiotic Phenomena in Certain Gramineae. II. Paniceae and Andro- 
pogoneae. Bot. Gazette, Ixxxviii. 63-84. 

CLELAND, R. E., 1922: The Reduction Divisions in the Pollen Mother Cells of Oenothera 
franciscana. Amer. Journ. Bot., ix. 391-413. 

—— 1924: Meiosis in Pollen Mother Cells of Oenothera Francisca Sulfurea. Bot. Gazette, 
Ixxvii. 149-70. 

Dar.incTon, C. D., 1932: Reeent Advances in Cytology. London: J. and A. Churchill. 

Dearne, W. H. Jr., 1934: The Material Continuity and Individuality of the Somatic Chromo- 
somes of Amblystoma tigrinum with special reference to the N ucleolus as a Chromosomal 
Component. Journ. Morphol. v. ‘1 57-73. 

Dermen, H., 1933: Origin and Behaviour of the Nucleolus in Plants. Journ. Arnold Ar- 
boretum, xiv. 282-323. 

Dun ey, A. H., 1908: Floral Development and Embryology in Wheat. 39th Ann. Rep. 
Liverpool Micro. Soc., Jan. 

ELLENHORN, J. E., 1935: Investigations on the Morphology of Wheat Chromosomes. 
Morphology of the Chromosomes of Triticum monococcum L. (English summary.) 
Bull. Appl. Bot., Genet. and Pl. Breeding, xi. 37. 

Emme, H., 1925: Beitrage zur Cytologie der Gersten. 1. Karyotypen der Gersten. 
Zeitschr. f. ind. Abst. u. Vererb., xxxvii. 229-36. 

ENGLEDow, F. L., 1927: English Wheat. Cambridge School of Agriculture. 

Farmer, J. B., 1895: On Spore Formation and Nuclear Division in the Hepaticae. Ann. Bot., 
ix. 469-523. 

FERNANDES, A., 1935: Les Satellites chez Narcissus reflexus Brot. et N. triandrus L. 1. Les 

satellites des metaphases somatiques. Bol. d. Soc. Broteriana, x. 33. 

1936: Les Satellites chez les Narcisses. ii. Les satellites pendant la mitose. Bol. d. Soc. 

Broteriana, xi. 87-146. 

“ixry, M. A., 1930: Phenomena of Heterotypic Division in the Pollen Mother Cells of a 
Tetraploid Form of Rumex scutatus var. typicus. Journ. Roy. Micros. Soc., 1. 387-419. 

Fisk, L. E., 1925: The Chromosomes of Zea mays. Proc. Nat. Acad. Sci., ii. 352-6. 

1927: The Chromosomes of Zea mays. Amer. Journ. Bot., xiv. 57-75. 

Frotova, S. L., 1936: Struktur der Kerne in den Speicheldriisen einiger Drosophila-Arten. 
Zytol. Abt. Inst. exp. Biol. Moskau, v. 271-92. 

Gainss, E. F., and Aasg, H. C., 1926: A Haploid Wheat Plant. Amer. Journ. Bot., xiii. 373-85. 

Gates, R. R., 1907: Pollen Development in Hybrids of Oenothera lata x O. Lamarckiana and 
its relation to Mutation. Bot. Gaz., xliii. 81-115. 

—— 1911: Pollen Formation in Oenothera gigas. Ann. Bot., xxv. 909-40. 

—— 1931: The Origin of Bread Wheats. Nature, xxviii. 325-6. 

—— 1932: Presidential Address. Nuclear Structure. Journ. Roy. Micros. Soc., lii. 1-19. 

—— 1937: The Discovery of the Relation between the Nucleolus and the Chromosomes. 

Cytologia, viii. 

and Latter, 1927: Observations on the Pollen Development of Two Species of Lathraea. 

Journ. Roy. Micros. Soc., xlvii, 209-25. 

and Sheffield, F. M. L., 1929: Megaspore Development in Oecnothera-rubricalyx with a 

Note on Chromosomal Linkage in Oenothera augustissima. Proc. Roy. Soc. B.,cv.499-516. 

and Nano, H. K., 1935: The Cytology of Trisomic Mutations in a Wild Species of 

Oenothera. Phil. Trans. Roy. Soc. Lond., cexxv. 227-54. 

Hayes, H. K., Parker, J. H., and Kurrzwe.t, C., 1920: Genetics of Rust Resistance in 
Crosses of Varieties of Triticum vulgare with varieties of T. durum and T. dicoccum. Journ. 
Agric. Res., xix. 523-42. 


Some Indian Wheats. II 367 


HEDAYETULLAH, S., 1931: On the Structure and Division of the Somatic Chromosomes in 
Narcissus. Journ. Roy. Micro. Soc., li. 347-86. 

—— 1933: A Cytological Study on the Behaviour of Nucleoli in the Pollen Mother Cells of 
Three Varieties of Rice (Oryza sativa L.) in the Parent Plants and Their Hybrids, 20th 
Ann. Meet. Ind. Sci. Congr. Patna, 1933, Sect. Bot., Abstr., lii. 19. 

Hertz, E., 1931a: Nukleolen und Chromosomen in der Gattung Vicia. Planta, Arch. f. 
wissens. Bot., xv. 495-505. 

19315: Die Ursache der gesetzmissigen Zahle, Lage, Form und Grésse pflanzlicher 
Nucleolen. Planta, xii. 775-844. 

HOLLINGsHEAD, L., 1932: Partly Fertile Hybrids of Common Wheat with Khapli Emmer. 
Journ. Heredity, xxiii. 247-53. 

Horst, C. C., 1937: Recent Work in Plant Breeding. Agric. and Live Stock in India, vii.6 5-74. 

Huskins, C. L., and Hearne, E. M., 1933: Meiosis in Asynaptic Dwarf Oats and Wheat. 
Journ. Roy. Micr. Soc., liii. rog—17. 

Hynes, H. J., 1926: Studies of the Reaction to Stem Rust in a Cross between Federation 
Wheat and Khapli Emmer, with notes on the Fertility of the Hybrid Types. Phyto- 
pathology, xvi. 809-29. 

Kacawa, F., 1929: A Study of the Phylogeny of Some Species in Triticum and Aegilops, based 
upon the Comparison of Chromosomes. Journ. Coll. Agric., Imp. Univ., Tokyo, x. 
173-228. 

Katayama, Y., 1934: Haploid Formation by X-rays in Triticum monococcum. Cytologia, v. 
235-7. 

KATTERMANN, A., 1933: Ein Beitrag zur Frage der Dualitét der Bestandteile des Bastard- 
kernes. Planta, xviii. 751-85. 

KAUFMANN, B. P., 1926: Chromosome Structure and its relation to the Chromosome Cycle. 

I. Somatic mitosis in Tradescantia pilosa. Amer. Journ. Bot., xiii. 59-80. 

1934. Somatic Mitoses of Drosophila melanogaster. Journ. Morphol., lvi. 125-95. 
Kiara, H., 1919: Ueber cytologische Studien bei einigen Getreidearten. Tokyo Bot. Mag., 
17-38. 
and LILIENFELD, F., 1934: Kerneinwanderung und Bildung syndiploider Pollen- 

mutterzellen bei dem F, Bastard Triticum aegilopoides x Aegilops squarrosa. Jap. Journ. 
Genet., x. 1-28. 

Kornicke, M., 1896: Untersuchung iiber die Entwickelung der Sexualorgane von Triticum 
mit besonderer Beriicksichtigung der Kernteilungen. Verhandl. naturhist. Ver. d. 
preuss u. rheinl. U. Westf., liii. 149-84. 

Kosuy, T. K., 1933: Chromosome Studies in Allium. I. Somatic chromosomes. Journ. 
Roy. Micr. Soc., liii. 299-318. 

— 1934: Chromosome Studies in Allium. II. The Meiotic Chromosomes. Journ. Roy. 
Micr. Soc., liv. 104-20. 

Kosrorr, D., 1936: Studies on the Polyploid Plants XI. Amphidiploid Triticum Timopheevi 
Zhuk. x T. monococcum L. Zeits. Zuchtg. A. Pflanzen., xxi. 41-5. 

Larter, J., 1926. The Pollen Development of Lathyrus odoratus. Ann. Bot., xl. 278-313. 

1932: The Meiotic Divisions in the Pollen Mother Cells of Malva sylvestris. Ann. 
Bot., xlvi. 1-10. 

Letcuty, C. E., SANDO, W. J., and Taytor, J. W., 1926: Intergeneric Hybrids in Aegilops, 
Triticum, and Secale. Journ. Agric. Res., xxxili. 101-41. 

Luprorp, R. J., 1922: The Morphology and Physiology of the Nucleolus. Journ. Roy. Micr. 
Soc., xlii, 113-50. 

Maepa, T., 1930: The Meiotic Divisions in Pollen Mother Cells of the Sweet Pea (Lathyrus 
odoratus). Mem. Coll. Sci. Kyoto, B., v. 89-123. 

Marryat, D. C. E., 1907: Notes on the Infection and Histology of Two Wheats immune 
to the Attacks of Puccinia glumarum, Yellow Rust. Journ. Agric. Sci., ii. 129-37. 

MarsHALt Warp, H., 1902: On the relations between Host and Parasite in the Bromes and 
their Brown Rust, Puccinia dispersa (Erikss.). Ann. Bot., xvi. 233-315. 

Mazumpar, G. P., and Darra, R. M., 1935: The Role of Nucleolus in the Formation of 
Spireme in the Pollen Mother Cells of Hibiscus mutabilis. Cytologia, vi. 320-8. 

McCuInTOock, 1934: The Relation of a Particular Chromosomal Element to the Development 
of the Nucleoli in Zea mays. Zeits. f. Zellfors. u. mikros. Anat., xxi. 294-328. 


368 Bhatia—Cytology and Genetics of 


McC une, C. E., 1929: Handbook of Microscopical Technique. Hoeber, New York. 

McFappen, S. Epcar, 1930: A Successful Transfer of Emmer Characters to vulgare wheats. 
Journ. Amer. Soc. Agron., xxii. 

Mepwepewa, G. B., 1930: Uber die ‘Trabanten’ bei Crepis dioscoridis L. Zeits. f. Zellfors. 
u, mikros. Anat., x. 150-63. 

Mot, W. E. bE, 1926a: The Nucleolar Globules regarded as Bearers of Stimulating or 

Finishing Materials of the Genes. Genetica, viii. 537-42. 

19265: Nucleolar Number and Size in Diploid, Triploid, and Eneuploid Hyacinths. La 

Cellule, xxxviii. 1-64. 

1927: On Chromosomal Constrictions, Satellites, and Nucleoli in Hyacinthus orientalis. 

Beit. Biol. Pflanz., xv. 93-115. 

NalTHANI, S. P., 19376: Chromosome Studies in Hyacinthus orientalis L. 11. Meiotic Chromo- 
somes. Ann. Bot., i. 257-75, Pls. 3, fig. 1. 

Nakao, M., 1911: Cytological Studies on the Nuclear Division of the Pollen Mother Cells 
of some Cereals and their Hybrids. Journ. Coll. Agric. Sapporo, Japan, iv. 173-90. 
NanoI, H. K., 1936: The Chromosome Morphology, Secondary Association, and Origin of 

Cultivated Rice. Journ. Genetics, xxxiii. 31 5-36. 

1937: Cytological Investigations of Rice Varieties. Cytologia (in the press). 

NAVASHIN, S., 1912: Sur le dimorphisme nucléaire des cellules somatiques de Galtoma 
candicans. Bull. Acad. imp. sci. St. Petersburg, vi. 373-85. 

1927: Zellkerndimorphismus bei Galtonia candicans. Des. und einigen verwandten 

Monokotylen. Ber. d. deuts. bot. Gesells., xlv. 415-28. 

NavasHIN, M., 1925: Morphologische Kernstudien der Crepis-Arten in Bezug auf die Art- 
bildung. Zeits. f. Zellfors. u. mikros. Anat., ii. 98-111. 

—— 1926: Variabilitat des Zellkerns bei Crepis-Arten in Bezug auf die Artbildung. Zeits. f. 

Zellfors. u. mikros. Anat. iv. 171-215. 

1927: Uber die Verinderung von Zahl und Form der Chromosomen infolge der 

Hybridisation. Zeits. f. Zellfors. u. mikros. Anat., vi. 195-533. 

1934: Chromosome Alterations caused by Hybridization and their Bearing upon Certain 

General Genetic Problems. Cytologia, v. 169-203. 

Nemec, B., 1929: Uber Struktur und Aggregatzustand des Zellkernes. Protoplasma, vii. 
423-43. 

PERCIVAL, J., 1921: The Wheat Plant. A monograph. London. 

1926: The Morphology and Cytology of some Hybrids of Aegilops ovata L. x Wheats. 

Journ. Genetics, xvii. 49-68. 

1930: Cytological Studies of some Hybrids of Aegilops sp. x Wheats, and of some Hybrids 

between Different Species of Aegilops. Journ. Genetics, xxii. 201~-78. 

—— 1932: Cytological Studies of some Wheat and Aegilops hybrids. Ann. Bot., xlvi. 479- 
51. 

—— 1936: Aegilotricum ovata-turgidum: a Fertile Species Hybrid. Ann. Bot., 1. 427-36. 

Perry, K. M., 1932: Mitosis in Galanthus nivalis. Journ. Roy. Micro. Soc., lii. 344-56. 

Pote-Evans, I. B., 1911: South African Cereal Rusts with Observations on the Problem of 
Breeding Rust-resistant wheats. Journ. Agric. Sci., iv. 95-104. : 

Sakamura, T., 1918: Kurze Mitteilung iiber die Chromosomenzahlen und die Verwandt- 

schaftsverhaltnisse der Triticum-arten. Bot. Mag. Tokyo, xxxii. 1 51-4. 

1920: Experimentelle Studien tiber die Zell- und Kernteilung mit besonderer Riicksicht 
auf Form, Grésse und Zahl der Chromosomen. Journ. Coll. Sci. Imp. Univ. Tokyo, 
XXxiX. 221. 

SAPEHIN, L. A., 1933: The Genes of the Reduction Division. Bull. Appl. Bot., Gent. and PI. 
Breeding, v. 

Sax, KARL, 1922: Sterility in Wheat Hybrids. II. Chromosome Behaviour in partially 

Sterile hybrids. Genetics, vii. 513-52. 

1923: The Relation between Chromosome Numbers, Morphological Characters, and 

Rust Resistance in Segregates of partially Sterile Wheat Hybrids. Genetics, viii. 301-21. 

—— 1927: Chromosome Behaviour in Triticum hybrids. Zeits. f. ind. Abst. u. Vererb. 
Suppl., ii. 1267-84. 

Sexim, A. G., 1930: A Cytological Study of Oryza sativa. Cytologia, ii. 1-26. 

SENJANINOVA, M., 1926: Das Verhalten des Nucleolus und der Trabanten wahrend der 


Some Indian Wheats. IT 369 


somatischen Mitosen und den Reifeteilungen bei Ranunculus acer L. Zeits. f. Zellfors. 
u. mikros. Anat., iii. 417-30. 

SENJANINOVA-KORCHAGINA, M., 1932: Karyo-systematical Investigation of the genus Aegilops 
L. English Summary. Bull. Appl. Bot., Gent. and Pl. Breeding, i. 1-90. 

SHEFFIELD, F. M. L., 1927: Cytological Studies of Certain Meiotic Stages in Oenothera. 
Ann. Bot., xli. 779-816. 

SMITH, F. H., 1933: The Relation of the Satellites to the Nucleolus in Galtonia candicans. 
Amer. Journ. Bot., xx. 188-95. 

Smit, L., 1936: Cytogenetic Studies in Triticum monococcum L. and T. aegilopoides Bal. 
Agric. Exper. Stat. Coll. of Agric., Columbia, Mo., Res. Bull. ccxlviii. 1-38. 

Soroxin, H., 1924: Satellites in the Somatic Mitosis in R. acris L. Publ. fac. Sci. Univ. 

Prague. 13. 

1929: Idiograms, Nucleoli, and Satellites of Certain Ranunculaceae. Amer. Journ. Bot., 
XVi. 407-20. 

STAKMAN, E. C., and Premeiset, F. J., 1917: Biologic Forms of Puccinia graminis on Cereals 
and Grasses. Journ. Agr. Res. x. 429-96. 

and Levine, M. N., 1922: The Determination of Biologic Forms of Puccinia graminis 
on Triticum spp. Minn. Agr. Exp. Sta. Bul. 8. 

Taytor, W. R., 1925a: The Chromosome Morphology of Valtheimia, Allium, and Cyrtanthus. 
Amer. Journ. Bot., xii. 104-15. 

19256: Cytological Studies on Casteria, II. A Comparison of the Chromosomes of 

Gasteria, Aloe, and Haworthia. Amer. Journ. Bot., xii. 219-23. 

1925c: Chromosome Constrictions as Distinguishing Characteristics in Plants. Amer. 
Journ. Bot., xii. 238-43. 

—— 1926: Chromosome Morphology in Fritillaria, Alstroemeria, Silphium and other Genera. 
Amer. Journ. Bot., xiii. 179-93. 

Tuompson, W. P., 1925: The Correlation of Characters in Hybrids of Triticum durum and 

Triticum vulgare. Genetics, x. 285-304. 

1931. Cytology and Genetics of Crosses between Fourteen and Seven Chromosome 

Species of Wheat. Genetics, xvi. 309-24. 

Van Camp, G. M., 1924: Le réle du nucléole dans la caryocinése somatique (Chvia 
miniata). La Cellule, xxxiv. 1-50. 

VakeR, B. A., 1935: Triticum-Agropyron hybrids. A Haplogenetical Investigation. English 
summary. Bull. Appl. Bot., Genet. and Pl. Breeding, viii. 121-164. 

Wacer, H., 1904: The Nucleolus and Nuclear Division in the Root Apex of Phaseolus. Ann. 
Bot., xvili. 29-55. 

Watpron, L. R., 1921: Inheritance of Rust-resistance in a Family derived from a Cross 
between durum and Common Wheat. North Dakota Agric. Exp. Stat. Bull. clxvii. 24. 

WarTERHOUsE, W. L., 1930: Australian Rust Studies III. Initial Results of Breeding for 
Rust-resistance. Proc. Linn. Soc. N.S.W. lv. 596-636. 

—— 1933: Some Aspects of Cereal Rust Problems in Australia. Proc. 5th Pacific Sci. Congr., 
Victoria and Vancouver, B.C., Canada, 3169-76. 

Watkins, A. E., 1924: Genetic and Cytological Studies in Wheat. I. Journ. Genetics, xiv. 

129-71. 

Hae : Genetic and Cytological Studies in Wheat. II. Journ. Genetics, xv. 323-66. 

Witson, E. B., 1925: The Cell in Development and Heredity. (The Macmillan Co., New 
York. 

YAMAHA, ee and Srnoré6, Y., 1925: On the Behaviour of the Nucleolus in the Somatic 
Mitosis of Higher Plants with Micro-chemical Notes. Bot. Mag. Tokyo, xxxix. 205-19. 

YAMASAKI, Y., 1936: Some Observations on the Microsporogenesis of the Haploid Plant of 
Triticum vulgare Host. Jap. Journ. Bot., viii. 151-3. 

ZIRKLE, C., 1928: Nucleolus in Root Tip Mitosis in Zea mays. Bot. Gazette, Ixxxvi. 402-18, 

1931: Nucleoli of the Root Tip and Cambium of Pinus strobus. Cytologia, it. 85-105. 


966.6 Bb 


370 Bhatia—Cytology and Genetics of 


EXPLANATION OF PLATES XIII to XV 
Illustrating Dr. G. S. Bhatia’s paper on ‘The Cytology and Genetics of Some Indian Wheats’. 


All figures were drawn at the table level with the aid of a camera lucida. A 2 mm. Zeiss 
apochromatic, 1°3 aperture, and Zeiss ocular X 20 were employed for all drawings. Magnifica- 
tion of all the diagrams is X 2900 with the exception of Figs. 8, 14, 30, 31, 32, 39, 40, and 41, 
the magnification of which is 1500. 


PLATE XIII 
(Figs. 1-17 are of T. dicoccum, ‘Khapli Emmer’). 


Fig. 1. Leptotene stage, showing the attachment of four separate leptotene threads to four 
separate nucleoli. 

Fig. 2. Fusion of four nucleoli in two separate pairs at leptotene. 

Fig. 3. The attachment of four leptotene threads, at four separate points to the compound 
nucleolus formed by the fusion of smaller nucleoli. 

Fig. 4. Zygotene stage, the attachment of two bivalents by their terminal satellites to the 
compound nucleolus. 

Fig. 5. Diplotene stage, the attachment of two bivalents to the nucleolus. In one of the 
bivalents the delicate connecting thread is broken off. 

Fig. 6. Diplotene stage, the attachment of one bivalent and the detached satellite to the 
nucleolus. 

Fig. 7. Early diakinesis, the attachment of two bivalents to the nucleolus. The delicate 
thread connecting the satellite with the body of one of the bivalents is also shown. 

Fig. 8. Resting stage of the pollen mother nucleus showing two big and two small nucleoli. 

Fig. 9. Prometaphase showing fourteen bivalents. 

Fig. 10. Metaphase showing fourteen bivalents. 

Fig. 11. Polar view of late anaphase I. 

Fig. 12. Metaphase II. 

Fig. 13. Very young pollen grain with two nucleoli. 

Fig. 14. Interkinesis with two nucleoli. 

Fig. 15. Different stages of quartets with two nucleoli. 

Fig. 16. Late anaphase II. 

Fig. 17. As for Fig. 15. 


(Figs. 18-25 are of 7. vulgare.) 


Fig. 18. Resting pollen mother-cell showing six nucleoli fusing. 

Fig. 19. Leptotene stage showing four separate nucleoli. 

Fig. 20. The fusion of two big nucleoli into one compound nucleolus. 

Fig. 21. Leptotene stage, attachment of six separate leptotene threads at six different points 
to the compound nucleolus. 

Fig, 22. Zygotene stage, attachment of three bivalents by their terminal satellites to the 
compound nucleolus. 

Fig. 23. Pachytene stage showing the same as above. 

Fig. 24. Diplotene stage, three bivalents attached by their terminal satellites to the 
nucleolus. One of the bivalents has a delicate thread connecting the satellite with the body 
of the bivalent. 


Fig. 25. Diplotene stage, showing the attachment of two bivalents and the detached satellite 
on the nucleolus. 


PLATE XIV 


Fig. 26. Diakinesis (T. vulgare), the attachment of three bivalents by their terminal 
satellites to the nucleolus. One of the bivalents shows the delicate thread. 

Fig. 27. Metaphase I (T. valgare), showing twenty-one bivalents. 

Fig. 28. Interkinesis (T. vulgare) with three nucleoli. 

Fig. 29. Metaphase II (7. vulgare). 

Fig. 30. Interkinesis showing fusion of two of the three nucleoli in T. vulgare. 
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Figs. 31 and 32. Six nucleoli (four big and two small) and four nucleoli (two big and two 
small) of T. vulgare and T. dicoccum respectively in the resting nuclei of the root-tip cells. 

Fig. 33. Quartet with three nucleoli in T. vulgare. 

Fig. 34. Cytomyxis in the zygotene stage of the hybrid 7. wulgare x T. dicoccum. 

Fig. 35. Tetrad of T. dicoccum showing two nucleoli in each quartet. 


Figs. 36-44 are from the hybrid T. vulgare x T. dicoccum. 


Fig. 36. Metaphase II showing twenty-one chromosomes. 

Fig. 37. Diakinesis showing the attachment of three bivalents to the nucleolus. The deli- 
cate thread of one of the bivalents is broken. 

Fig. 38. Metaphase I showing twenty-one bivalents. 

Fig. 39. Very young pollen grain, showing the beak from where the germ pore is formed. 

Figs. 40 and 41. Young pollen grains showing a single germ pore in front and side view 
respectively. 

Fig. 42. Late anaphase I, showing about forty-two chromosomes instead of the expected 
twenty-one at this stage. 

Fig. 43. Zygotene stage, showing the attachment of the three bivalents by their terminal 
satellites to the nucleolus. 

Fig. 44. Anaphase II showing two laggards. 


PLATE XV 
Figs. 48-52. Photomicrographs of T. dicoccum. 


Fig. 45. Late zygotene showing the attachment of two bivalents by their terminal satellites 
to the nucleolus. 

Fig. 46. Amphitene stage. At c the two homologous threads are seen pairing, whereas at 
a and b unpaired homologous threads are seen. 

Fig. 47. The detached satellite, marked by an arrow, of one of the bivalents is shown 
attached to the nucleolus. The other bivalent is attached to the nucleolus opposite to the 
detached satellite. 

Fig. 48. The spiral structure of the chromosomes of wheat at zygotone is indicated by an 
arrow. 


Figs. 49-52. Photomicrographs of T. vulgare. 


Fig. 49. Shows the fusion of two big nucleoli into one compound nucleolus. 

Fig. 50. Shows the attachment of six leptotene threads at six separate points, as indicated 
by arrows, to the compound nucleolus. 

Fig. 51. Zytogene stage showing the attachment of three bivalents by their terminal 
satellites to the compound nucleolus, as indicated by arrows. 

Fig. 52. Diakinesis, showing the delicate thread (marked by an arrow) connecting the 
body of the bivalent with the satellite attached to the nucleolus. 

Figs. 53 and 54. Show the ears of T. vulgare and of T. dicoccum respectively. 

Figs. 55 to 67. The different segregates in about their 23rd generation from the hybrid 
T. vulgare x T. dicoccum. Segregates Nos. 55 and 56 resemble very much the maternal parent 
T. vulgare, in respect of awn and ear characters, whereas segregates Nos. 63, 65, 66, and 67 
resemble very much the paternal parent, T. dicoccum, in respect of awn and ear characters. 
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The Nitrogen Requirements of Nematospora gossypii in 
Synthetic Media 


BY 
H. W. BUSTON, S. KASINATHAN, 
AND 
S. M. WYLIE 
(From the Department of Biochemistry, Imperial College of Science and Technology, London) 


b\w atic was first drawn to the nutritional peculiarities of Nemato- 
spora gossypu by Farries and Bell (1930), who pointed out that this 
organism is unable to grow in artificial media where the supply of nitrogen is 
in the form of hydrolysates of highly purified proteins (that is, amino-acid mix- 
tures) exceptin the presence of smallamounts of an ‘accessory factor’ of the ‘bios’ 
type. This accessory factor was shown to be present in crude proteins such as 
egg-white, and in‘commercial peptone. Further work established the fact that 
the accessory factor is of complex nature, consisting of at least two compon- 
ents, one of which is meso-inositol (Buston and Pramanik, 1931), while the 
second remains unidentified. Recent work suggests that the second component 
may be the crystalline ‘biotin’ of Kégl (1937) and Kégl and Tonnis (1936). 

In the investigations on the nature of the accessory factors the nitrogen 
necessary for the organism was usually supplied in the form of acid-hydrolysed 
gelatin ; however, a more detailed study of the nutritional requirements of the 
fungus led to the use of simpler nitrogenous substances. This seemed desir- 
able in view of the fact that protein hydrolysates may contain traces of un- 
identified compounds having a considerable influence on the growth of micro- 
organisms; thus, it has been pointed out by Knight and Fildes (1933) that 
gelatin, which has usually been regarded as lacking in tryptophan, actually 
contains enough of this amino-acid to permit the growth of Bacillus (Clostri- 
dium) sporogenes, for which it is an essential. In order, therefore, to define the 
simplest artificial medium suitable for the growth of N. gossypii, the ability of 
the organism to utilize simple nitrogenous compounds such as ammonium 
salts, amino-acids, &c., was investigated; some of the more interesting 
observations are recorded here. 


EXPERIMENTAL 


1. General experimental method. 
Details of the method of culture have been recorded in previous papers 
(Buston and Kasinathan, 1933; Buston and Pramanik, 1931; Farries and Bell, 
{Annals of Botany, N.S. Vol. II, No. 6, April 1938.] 
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1930). The basal medium consisted, as before, of: glucose, 2 per cent.; 
K,HPO,, 0-5 per cent.; MgSO,, 7H,O, 0°25 per cent.; agar, 2 per cent.; 
inositol, o-o1 per cent.; ‘factor II’, a concentrate prepared from lentils by 
the method of Buston and Kasinathan (1933) active in doses of 7-8 mg. per 
100 c.c. of medium. Nitrogen, from whatever source, was introduced to give 
a concentration equivalent to 0-3 per cent. N. Since no concentrate of the 
second accessory factor has yet been obtained free from nitrogen, allowance 
must be made for the quantity of nitrogen introduced into the medium from 
such concentrates. In the experiments here recorded, the amount of nitrogen 
so introduced was approximately o-g mg. per 100 c.c. of medium, i.e. 0°3 per 
cent. of the total nitrogen. Even so small an amount as this may, of course, be 
the means of introducing the necessary amount of an essential nitrogenous 
constituent, although this is unlikely to be one of the amino-acids shown in 
these experiments to have a stimulant action. 

The standard incubation was at 30° C. for seven days. Under these condi- 
tions, with hydrolysed gelatin as the source of nitrogen, the dry weight of 
mycelium from pairs of 3-inch Petri dishes was 270-80 mg., and this is taken 
as the standard growth. 


2. Growth on amino-acids. 


The amino-acids used were purified as far as possible by recrystallization, 
and, where available, were of synthetic origin. Tests were made with a con- 
siderable range of amino-acids, separately and mixed in various proportions. 
‘The results are not recorded in full, but typical examples are given in Table I. 

It was apparent from results such as those in Table I that even so simple 
a mixture of amino-acids as glycine and aspartic acid was adequate as a source 
of nitrogen. On the other hand, none of the amino-acids examined was in- 
dividually adequate for full growth, although aspartic acid and some samples 
of glutamic acid gave growths approaching the full amount. Some difficulty 
was experienced in the case of glutamic acid, different samples of which 
differed in their behaviour (see Table I). It is possible that some very active 
growth-stimulant is associated with preparations of the acid from natural 
sources, but no sample of the synthetic acid was available to test this point. 
It may be mentioned that other workers have had similar experiences with 
glutamic acid (Mueller and Kapnick, 1935). In the case of aspartic acid no 
such variability was noted. 


3. Growth on ammonium salts. 


Salts of both inorganic and organic acids were investigated, and in the great 
majority of cases gave but poor growth; yields of the dry mycelium were 
usually of the order of 50 mg,, i.e. about one-fifth of the standard. In con- 
trast with the majority of ammonium salts, ammonium aspartate gave growth 


practically equal to that on hydrolysed gelatin. Table II records typical 
results. 
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It may be pointed out that if less active concentrates of the second 
accessory factor are used quite good growth may be obtained with ammonium 
salts or amino-acids which give but poor growth with the purer concentrates. 


TABLE I 
Source of Nitrogen and its Percentage of Total Nitvogen 


. Aspartic Growth 
Glycine. Leucine. acid. Proline. Histidine. (mg.). 
30 20 28 20 2 277 
40 20 38 — 2 271 
50 oo 50 _ — 240 
50 —_ 50* -- — 128 
75 a 25 —— = 275 
100 — — — es 55 
Saad Seat 100 —= — 2390 
Glutamic 
acid. 
5° oar 50 ~~ oa 235 
— —_ 100 —_ — 215 
aaa == 100f —_ =e 164 
* dl-aspartic acid. + Second sample (Fraenkel and Landau). 
TABLE II 
Source of nitrogen. Growth (mg.). 

Ammonium sulphate ; ; p . : 63 

” ” plus CaCO; 3 : 53 

5 nitrate . é - ; : : 50 

= chloride : : : : : ° 

oi tartrate A : ; ; : 62 

* lactate . ; : : : 5 60 

a pyruvate : ; ; : ; 30 

56 aspartate : : ; é ; 275 

xs dl-aspartate . : ; : : 275 


This may be explained as due to the presence in the crude concentrates of 
small but active amounts of, for instance, aspartic acid (see below, section 6). 

Further experiments showed that good growth was obtained when the 
nitrogen supply was partly in the form of an ammonium salt and partly in the 
form of aspartic acid—that is, the otherwise unavaiiable nitrogen of the 
ammonium salt was rendered available in the presence of the aspartic acid. 
This may be interpreted on the view that the organisra is able to transform 
ammonia into some of the more complex nitrogenous derivatives, but not into 
aspartic acid which is necessary either in itself or as a “tage in the production 
of some further compound. So far as was found, no other amino-acid behaved 
similarly. 

Table III shows the effect of adding certain amino-acids to media contain- 
ing ammonium salts (see also Table V). 
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4. Growth of asparagin. 

Farries and Bell (loc cit.) noted that, while asparagin alone, in the absence 
of accessory factors, was unable to support growth of N. gossypii, yet in the 
presence of peptone, ‘egg-extract’, or ‘casein-extract’ there was some utiliza- 
tion of this amide. Further tests with inositol and the lentil concentrate, as 


TaBLeE III 
% of % of Growth 
Ammonium salt. total N. Amino-acid. total N. (mg.). 
Nitrate ‘ : ; 50 Glycine 5 3 : 50 40-50 
= é 50 Alanine ; : : 50 40-50 
e ; : : 75 Leucine. : : 25 40-50 
s s : : 50 Aspartic acid : ; 50 240 
vs 2 : : 50 Glutamic acid . : 50 85 
Sulphate . : : 50 Glycine 5 : : 50 55 
- : : : 50 Aspartic acid : : 50 235 
“ei 3 : : 50 Glutamic acid . : 50 120 
Tartrate . : : 67 Aspartic acid . 3 33 190 


used in the present series of experiments, showed that asparagin alone formed 
a perfectly suitable source of nitrogen, growth taking place at the normal rate 
and to the full extent, as on gelatin hydrolysates; the only observable differ- 
ence being that on the asparagin media the yellow pigment produced on 
gelatin was lacking. Thus, in the presence of adequate supplies of the acces- 
sory factors, the organism is able to synthesize all its nitrogen compounds 
from asparagin, as from glycine and aspartic acid (Table I). 


5. The effect of B-alanine. 


Williams and Rohrman (1936) have observed, in the case of yeast, that 
B-alanine in a concentration of ry per 12c.c. of medium has a markedly stimu- 
lating action on cell-multiplication. This effect was not seen in the presence 
of asparagin ; on the other hand, in the presence of aspartic acid, the action of 
B-alanine was very greatly enhanced. Stimulation of yeast-growth by f-alanine 
has also been observed by Kégl (1936) and others. It has also been noted that 
with higher concentrations of f-alanine the effect is not found, and Nielsen 
(1936) has shown that this amino-acid cannot function as the sole source of 
nitrogen for yeast. ' 

Tests with N. gossypii showed that, in ammonium nitrate or tartrate media, 
B-alanine in minute concentrations had also a stimulant action on growth; the 
effect was by no means so large as with yeast, and in larger doses growth of the 
fungus was actually inhibited (Table IV). In the presence of aspartic acid, 
the addition of B-alanine in doses of 1-10 mg. gave no increase in growth. 


6. The influence of aspartic acid and asparagin. 


From the results given in Tables I-III it was seen that ammonium aspartate 
is especially suitable as a source of nitrogen for N. gossypii; asparagin is 
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equally effective (section 4), and aspartic acid itself is but little inferior ; 
B-alanine also is shown to have a stimulant action on growth. Ackermann 
(1911) showed that some bacteria were able to convert aspartic acid into 
B-alanine by decarboxylation; and it seemed possible that N. gossypit could 
effect the same degradation during growth, the small amounts of f-alanine 


TaBLe IV 
: : B-alanine. 
Ammonium nitrate, mg. per mg. per %oftotal Growth 
100 c.c. of medium. 100 c.c. nitrogen. (mg.). 
857 o'l 0-005 50-5 
857 I 0:05 go 
853 10 0°52 175-80 
838 50 2°60 60 
812 100 5°20 55 


thus continuously produced then exerting their stimulant action. This would 
account for the special activity of aspartic acid and its derivatives, and also for 
the fact that addition of B-alanine had no effect on a medium already contain- 
ing aspartic acid. If this view is correct it should be possible for the fungus 
to grow on ammonium salt media in the presence of amounts of aspartic acid 
sufficient only to produce the essential quantities of B-alanine. 

Tests with media containing ammonium nitrate or tartrate, in the presence 
of aspartic acid or asparagin, showed that these substances in relatively low 
concentrations had a stimulant effect rather greater than that of f-alanine 
itself (‘Table V). 

Since both the aspartic acid (the /-acid, from protein hydrolysates) and the 
asparagin used in the work were of natural origin, further tests were made 
with a sample of synthetic dl-aspartic acid (Hofmann-La Roche), the results 
of which are also given in Table V. These indicate that the stimulant effect 
is definitely due to aspartic acid itself, and not to an unknown contaminant 
derived from the natural source of the /-aspartic acid. It was observed that 
for the lower concentrations of the synthetic acid its activity was roughly 
one-half that of the /-isomer. A sample of the /-acid, prepared from the 
dl-mixture by the method of Fischer (1899), was found to have an activity 
equal to that of the natural /-aspartic acid (100 mg. acid per 100 c.c. medium 
gave a growth of 220-5 mg. dry wt.). 


DISCUSSION 


The special role played by aspartic acid in the nutrition of some micro- 
organisms has been indicated by previous workers; thus, Williams and 
Rohrman (loc. cit.) found that the acid, even in absence of f-alanine, gave a 
definitely increased yeast crop, while Mosher et al. (1936) states that it is ‘very 
helpful’ though not indispensable in the nutrition of Tricophyton interdigitale. 
The case of N. gossypii may, therefore, be regarded as a furtherinstance of this 
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special role. The important position of the related amide, asparagin, in the 
nitrogenous metabolism of the higher plants needs no emphasis. 

The suggestion that aspartic acid acts as a precursor of B-alanine seems 
feasible, but the possibility that it may have other functions is not excluded. 


TABLE V 


Aspartic acid 
Ammonium nitrate, mg.per %oftotal Growth 


mg. per 100 C.c. 100 C.c. nitrogen. (mg.). 
855 10 0°35 go 
849 25 0°87 112 
842 50 1°75 190 
827 100 3°50 220 
812 150 5°25 244 
797 200 7:00 257 
782 250 8-75 235 
Ammonium tartrate. 

1960 10 0°35 82, 

1940 50 1°75 140 

1900 100 3°50 193 

1860 150 5°25 230 

Ammonium nitrate. Asparagin. 
855 5 0°35 40-50 
853 10 0°70 go 
827 50 3°52 130 
812 75 5°28 158 
796 100 7°04 180 
766 150 10°56 205 
736 200 14:08 252 
Ammonium aspartate. 
832 50 2°92 130 
dl-Aspartic acid. 

855 10 0°35 40-50 
849 25 0:87 66 
842 50 1-75 100 
827 100 3°50 144 
812 150 5°25 193 
797 200 7:00 240 


That aspartic acid is more active than B-alanine suggests that the latter is most 
effective when produced continuously at a concentration approaching the 
optimum for growth-stimulation, thus avoiding the inhibiting effect of exces- 
sive concentrations. Both d- and /-aspartic acid would give B-alanine (which 
is inactive) by decarboxylation, but the lower growth-stimulating activity of 
the dl-acid as compared with the /-isomer could be explained on the grounds 
that N. gossypii does not possess the enzyme system necessary to effect the 
degradation of the d-acid, which does not occur among natural products. 
The fact that B-alanine and aspartic acid are most efficient for yeast when 
in combination is not easily explained, and suggests that for yeast, at any rate; 
aspartic acid has some function other than the production of B-alanine. 
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SUMMARY 


In the presence of inositol (10 mg. per 100 c.c. of medium) and of sufficient 
amounts of the “second accessory factor’ (from lentils), Nematospora gossypii 
is able to grow on a medium whose sole nitrogenous constituent is asparagin, 
or ammonium aspartate; simple mixtures of amino-acids including aspartic 
acid are also suitable, and tryptophan is not essential. 

Ammonium salts of inorganic acids and of most organic acids are not 
adequate as a source of nitrogen, but in the presence of B-alanine (1-10 mg. 
per 100 c.c.) moderate growth is obtained ; /-aspartic acid (100 mg. per 100 c.c. 
medium, i.e. providing 3-50 per cent. of the total nitrogen) stimulates growth 
on ammonium salt media to the extent of about go per cent. of the standard 
growth on gelatin hydrolysates or on asparagin. 


We wish to thank Professor W. Brown for facilities offered in the Depart- 
ment of Plant Pathology. 
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INTRODUCTION 


O follow the behaviour of the nuclei in a fungus which consists of uni- 
nucleate cells would seem at first sight a task in which great precision 
could be attained; in fact, much greater precision might be hoped for than 
where large multinucleate cells are under observation. The presence of 
uninucleate cells together with a certain accumulation of evidence in favour of 
the possession of a functional antheridium led to a reinvestigation of several 
members of the Erysiphales. It was hoped that a careful study of the chromo- 
some number at every possible stage in the life-history would furnish in- 
controvertible proof or disproof of the fusion of male and female nuclei in 
the oogonium, in this very small natural group of fungi. 

The occurrence of such a fusion has been described, contradicted, and 
redescribed by many workers during the last fifty years. The nuclear divi- 
sions in the ascus have been figured and described, more or less incompletely, 
several times, but no serious attempt has been made to give a complete 
account of the chromosome number throughout development for any one 
member of the group. 

In order to make clear the general position and the scope of the present 
work, brief references to the past history of studies of the group as a whole 
must be given. 

The main relevant point from de Bary’s (1887) descriptions is that, in all 
the plants examined by him, the antheridium lay closely pressed to the tip 
of the oogonium. This fact suggested to him that fertilization took place. 

[Annals of Botany, N.S. Vol. II, No. 6, April 1938.] 
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Harper’s work (1895, 1896, 1897) on Erysiphe and Sphaerotheca confirms 
and extends de Bary’s account. For both these plants Harper described and 
figured the passage of the male nucleus from the antheridium into the oogonium 
and the fusion there of the two nuclei. In his work on Phyllactinia corylea 
(1905) the account of fertilization and the growth of the perithecium was 
augmented by a study of the nuclear divisions in the ascus. A short account 
of fertilization and the first few cell-divisions in Sphaerotheca humuli was given 
by Blackman and Fraser (1905) which confirms Harper’s work on this plant. 

All the plants examined by Dangeard (1896) and his successors (Moreau 
and Moreau, 1929; Eftimu and Kharbush, 1932; Raymond, 1933) were 
described as apogamous. The only fusion seen by them was that in the ascus. 
An apogamous form of Sphaerotheca was examined by Winge (1911). He 
described a degenerating nucleus in the antheridium at the time when the 
oogonium had continued its development into a binucleate cell. 

Yet another variation of the story was given by Bezssonov (1912) for 
Sphaerotheca mors uvae. He stated that after the antheridial cell was formed 
its nucleus divided. One of the daughter nuclei passed into the oogonium 
and was said to fuse with the female nucleus; the other nucleus remained 
behind in the antheridium and degenerated there. Such a division has not 
been described for any other Erysiphaceous fungus and, although it offers 
an ingenious explanation of the two conflicting accounts for Sphaerotheca, it 
must remain open to very considerable doubt. 

The account given by Allen (1936) of Erysiphe polygoni presents a life- 
history at variance with the descriptions of all the earlier workers. She 
rejected the idea that definite sexual branches were formed, and regarded asthe 
perithecial initial any irregular hyphal twist in the mycelium. She suggested 
that at every such initial a nuclear migration had taken place, and that, as 
growth continued, ‘cell fusion is followed by incomplete closure of the septa, 
resulting in the formation of chains of communicating cells or mazes. . . . 
These cells, evidently sphorophytic in character, contain from one to several 
nuclei.’ The story is further complicated by her statement that the central 
region of the perithecium degenerated and that the ascogenous hyphae arose 
from cells of the ‘sporophytic’ sheath. 

Closely connected with the question of sexuality and apogamy is that of 
the occurrence of heterothallism within the group. The report that Erysiphe 
cichoracearum (Yarwood, 1934) is heterothallic rests mainly on field observa- 
tions as to the position of the perithecia in the fungal colonies. They are said 
to be found only at the intersection of two neighbouring colonies. This 
observation has in support of it a small body of experimental data from single 
spore cultures (Yarwood, 1934). With regard to Sphaerotheca, however, 
work by Homma (1934) leads to the conclusion that this fungus is sexually 
perfect and homothallic. 

It will be seen from this very brief summary that species of Sphaerotheca 
have been said to be both sexually perfect and apogamous; Erysiphe has been 
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described as sexual, as apogamous, and as apogamous with the further com- 
plication of nuclear migrations from hypha to hypha; Phyllactinia is said to 
possess a sexual fusion, but this is not borne out entirely by the chromosome 
counts in the ascus. 

The present paper is limited to an account of P. corylea. Several other 
species, S. humult, S. humuli var. fuliginea, E. polygoni, and Uncinula aceris 
are under investigation, but it has proved unexpectedly difficult to obtain 
all the necessary nuclear divisions to complete the life-histories in these 
species. Phyllactinia, however, has given a sufficiently complete range of 
stages to justify separate publication. 


MATERIAL AND METHODS 


P. corylea occurs commonly on Corylus avellana in the southern counties of 
England. The form on this host was used exclusively for the present work. 
Fixations were made in the field during three successive seasons from one 
locality in Hampshire, but the consistency of the results obtained from this 
material was checked by collections from other places all within a thirty-mile 
radius of the main locality. 

The fixatives used were all the usual variations of the chromic, osmic, acetic, 
acid mixtures, including Flemming’s weak and half-strength fluids and the 
Merton 2BD and 2BE fixatives (La Cour, 1931). All these fixatives were 
tried, using the indicated quantity of osmic acid and with this quantity halved 
and doubled. In addition to the fixatives containing osmic acid, various 
modifications of Navashin’s chromic acetic formalin mixture were used. With 
all the fixatives pretreatment with Carnoy and with absolute alcohol was tried. 
The best results were obtained with 2BD without pretreatment. Even this 
caused slight shrinkage of the cytoplasm which no change in the original 
formula would eliminate, but the nuclei were excellently fixed. With all the 
fixatives pretreatment was detrimental; the use of Carnoy, in particular, plas- 
molysed the cells quite fatally. 

For all fixings the use of an exhaust pump was essential. Even after the 
most vigorous pumping, a little air sometimes remained round a few of the 
perithecia; this resulted in incomplete penetration by the fixative, and these 
perithecia could always be picked out in the finished preparations by their 
affinity for the stain. Sometimes the whole perithecium remained persistently 
black, in spite of prolonged treatment with iron alum; more often only the 
fertile region retained the stain. Such blackened perithecia formed only a 
very small proportion of all those examined. Apart from their staining capacity 
they seemed normal in every way, and there was nothing to suggest that a 
degeneration of the central fertile region of the perithecium at any time formed 
an integral step in the life-history of the plant (see p. 399). 

The fixed material was washed, dehydrated, and embedded in the usual way. 
During the embedding process the material was passed through several 
changes of melted wax to ensure complete penetration of the leaf tissue by 
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pure wax. If this precaution was not taken the leaf sections fell off the slide 
during staining, dragging the fungal hyphae with them. Most of the material 
was stained in Heidenhain’s iron haematoxylin, the sections being mordanted 
in 4 per cent. iron alum and de-stained in 8 per cent. alum containing a etic 
acid (Gwynne-Vaughan and Barnes, 1927). For nuclear divisions in the 
ascus a modification of Newton’s gentian violet was used (Manton, 1930). 

The main difficulty with the work lay in the scarcity of nuclear divisions 
in the young perithecia. There was no lack of divisions in the asci giving 
beautiful nuclear figures, but mitoses in the early stages of development were 
completely absent from the first season’s fixings, only rarely to be found in the 
second season, and but slightly more plentiful in the third. Two-hourly 
fixings over a period of twenty-four hours and daily fixings for a week in the 
third season produced the bare minimum of dividing nuclei necessary to 
complete the chromosome counts. The three batches of fixed material which 
contained these dividing nuclei were all fixed between 10.30 a.m. and 3 p.m. 
on days which were sunny but not hot, following a day or night of rain. 


DEVELOPMENT OF THE PERITHECIUM 


Young reproductive branches begin to appear at the centre of the circular 
patches of mycelium on the Hazel leaves during the last week in August. The 
two kinds of sexual branches are at first very much alike, but are always 
borne on different hyphae and seem to arise where two actively growing fila- 
ments have come into contact (cf. Mucorales, Blakeslee, 1904). In no case 
has anything in the way of protoplasmic connexions or passage of nuclei been 
seen at this stage. 

The young sexual branches grow up at right angles to the substratum and 
early in their development become coiled about each other (Pl. XVI, Fig. 1). 
Each branch contains a nucleus, and, even before these nuclei divide, the two 
branches have become markedly different from one another. The female 
branch is fatter than the male, is considerably more curved (Text-fig. 1), 
and may be bent over so that the greater part of its length lies parallel to the 
leaf surface. The male branch is only slightly curved, so that its tip lies across 
the end of the female branch. Each sexual branch soon becomes cut off from 
its parent hypha by a transverse wall (Text-fig. 2). The nucleus in each branch 
now divides and the daughter nuclei in both antheridial and oogonial hyphae 
become separated from each other by a cell wall (Text-figs. 2 and 3). In the 
antheridial branch the upper cell, the antheridium, is small, only slightly 
longer than broad, and has a correspondingly small nucleus; the rest of the 
original branch forms the long stalk cell (Pl. XVI, Fig. 2). In the oogonial 
cell the proportions are quite different; the upper cell, the oogonium, is by 
far the larger of the two and contains a large nucleus, while the stalk cell is 
small and inconspicuous. The oogonium is much stouter than the antheridium 
and has a bluntly rounded tip across which the antheridium lies (Text-fig. 4). 

Sheath hyphae now begin to grow out from the stalk cell of the oogonium 


Phyllactinia corylea Lév. 385 


(Pl. XVI, Fig. 2) and sometimes from the parent hyphae also (Text-fig. 3). 
Meanwhile, as the sheath hyphae begin to appear, a change can be seen in the 
antheridial nucleus (Pl. XVI, Fig. 3, and Text-figs. 4 and 5). The nucleolus 
remains unchanged, but the rather granular chromatin decreases in quantity 


TExT-FIGS. 1-5. Uncut sexual branches. Fig. 1. Young sex branches, the two sexes 
differentiated but not cut off from the parent hyphae. Fig. 2. After formation of basal septa, 
nucleus in the antheridial branch in division. Fig. 3. Antheridial and oogonial cells with 
stalk cells cut off, sheath formation beginning, male nucleus unchanged. Fig. 4. Antheridial 
nucleus degenerating, no signs of sheath. Fig. 5. Oogonial cell enlarged and further de- 
generation of antheridial nucleus. ab. antheridial branch, ob. oogonial branch, as. antheridial 
stalk, os. oogonial stalk, 0. oogonium, a. antheridium s. sheath. All x 1,700. 


and becomes scattered irregularly about the slightly enlarged nuclear area 
so that the whole appearance of the nucleus suggests degeneration (compare 
Text-figs. 3 and 4, also Pl. XVI, Figs. 2 and 3). ‘These two events, the de- 
generation of the antheridial nucleus and the beginning of sheath formation, 
do not always take place in the same order, for some examples have been found 
where nuclear degeneration has preceded all signs of sheath formation (Text- 
fig. 4) (cf. Dangeard on Sphaerotheca, Figs. 8 and 10). 

Sheath development and degeneration of the antheridial nucleus continue 
while the oogonium elongates and its nucleus increases in size and chroma- 
tin content. As the oogonium grows it becomes more curved because the 

966-6 ce 
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antheridium remains during the whole time closely pressed to the oogonial tip, 
and the male branch itself does not increase in length. The stalk cell of the 
antheridium occasionally contributes hyphae to the sheath, but it is always easy 
to distinguish between sheath and antheridial stalk, since the latter is con- 
siderably thicker than any of the sheath branches. Each sheath hypha re- 
ceives a nucleus from the stalk from which it arises. The nucleus of the stalk 
cell is constantly dividing to provide nuclei for the sheath. The sheath hypha 
elongates, its nucleus divides, and the upper of the two nuclei may then be 
cut off from its sister by a cell wall. The lower nucleus remains in the basal 
region of the hypha, which may still be in open communication with the stalk 
cell. The stalk cell, which gives rise to about six primary sheath hyphae, also 
contains a nucleus (Text-fig. 6a). This transitory condition gives the effect 
of an irregularly shaped binucleate cell, or, if the stalk-cell nucleus has already 
divided again, a multinucleate cell. All the sheath hyphae are ultimately cut 
off from the stalk cell. These primary sheath hyphae are developed separately 
from the oogonial cell and are never in communication with it. Some of the 
first-formed sheath hyphae grow up perpendicularly to the leaf surface, while 
others curve so as to cross the sexual branches obliquely. The outer curve of 
the oogonium is the last to be covered by sheath. 

The oogonium has reached its full size by the time it has become completely 
enclosed (Text-fig. 6a, b, and c). The antheridium, still pressed to the tip 
of the oogonium, is changed but recognizable. The nucleus is visible as an 
almost colourless sphere, empty except for the nucleolus, and the cytoplasm 
has begun to show a marked affinity for the stain, so that the cell stands out 
from the colourless cells of the sheath (Text-fig. 6b). In no case out of the 
hundred or so examined has any communication between the antheridium 
and the oogonium been seen; the antheridial wall, although apparently firmly 
stuck to the oogonium, remains intact, and nothing has been seen to suggest 
that the nucleus or any of the cell contents passes into the oogonium. 

Nevertheless, what seems to be the next stage in development does present 
a rather startling appearance. The sheath is still growing rapidly and nuclear 
divisions are fairly frequently encountered here (Text-fig. 7b). The antheridium 
with its stalk is still visible, the antheridium itself being in a fairly advanced 
state of degeneration, with dark cytoplasm, a degenerating nucleus, and 
a much swollen, transparent wall (Text-fig. 7a). The oogonium presents 
the most striking difference from that described above as the preceding 
condition. It is binucleate, and what is more, the two nuclei are different in 
appearance and size. ‘The oogonium is more curved than before and in the 
bend near the stalk lies one nucleus. This nucleus possesses a very large 
nucleolus, a conspicuous lateral granule, and a quantity of granular chromatin 
which completely fills the nuclear area. In the upper part of the oogonium 
where it curves towards the antheridium is a second nucleus. In size it is 
slightly smaller than the one already described, although the actual volumes 
of the two nuclei are not vastly different. The real difference lies in the dis- 
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Text-Fics. 6-9. Fig. 6. Young perithecium cut into two portions. (a) Uninucleate 
oogonium with stalk cell and sheath. (b) Antheridium with degenerating nucleus and cyto- 
plasm, stalk still visible. (c) Reconstruction of the two sections. Fig. 7. Slightly older peri- 
thecium from two sections. (a) Tip of oogonium with antheridium attached, male nucleus 
visible but degenerating. (6) Binucleate oogonium, nuclei unequal in size. (c) Reconstruc- 
tion of the two sections. Fig. 8. Binucleate oogonium, nuclei more nearly equal in size and 
degenerating antheridial cell; the sheath has been cut from each side of the oogonium. 
Fig. 9. Binucleate oogonium, nuclei equal in size, antheridium much changed. a. antheridium, 


0. oogonium,. All xX 1,700. 
position of the chromatin and the size of the nucleoli. In the smaller nucleus 
the chromatin is concentrated towards the centre of the nuclear area, leaving 
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a clear space between it and the cytoplasm of the oogonium. The nucleolus 
and the lateral granule are smaller than those of the nucleus near the stalk 
(Text-fig. 7a, b, and c). 

Since the antheridium still contains a nucleus it seems that these two 
nuclei must be the result of a nuclear division in the oogonium, but un- 
fortunately the dividing nucleus has not been seen. Nuclear divisions are 
at all times rarely found in the young perithecia, except in the sheath; the 
division preceding the missing one has only been found three times and the 
division immediately following only four times in all. The whole question of 
these nuclei will be referred to later (p. 397). 

Whatever the origin of the two unequal nuclei, their fate is certain. They 
do not fuse. The smaller of the two increases gradually in size (Text-fig. 8 
and Pl. XVI, Fig. 4).and in the amount of its contents until it becomes almost 
exactly like the other (Text-fig. 9). Meanwhile the antheridium has become 
more and more opaque, the nucleus is at first still visible (Text-fig. 8 and 
Pl. XVI, Fig. 4), but later, as degeneration continues, the whole cell is com- 
pressed by the surrounding sheath (Text-fig. 9). The sheath hyphae have by 
this time become septate throughout their length and the sheath now consists 
of a layer of cells, one cell thick on the outer curved side of the oogonium, but 
more than one cell thick on the inner curve (Text-fig. 9). 

The two nuclei in the oogonium now divide simultaneously, the spindles 
being placed obliquely one at each end of the cell (Text-fig. 10). The crushed 
antheridium is still visible near the tip of the oogonium, showing up as a 
flattened dark-coloured cell with a much swollen wall. The four daughter 
nuclei, when division is complete, lie more or less in a row, in the curve of the 
non-septate oogonium (Text-fig. 11). ‘Two cell walls soon appear between 
the nuclei forming across the oogonium at right angles to the position of the 
spindles. This results in a row of three cells. The nuclei, because the septa 
are laid down across the spindles, are always arranged in the same way. The 
top cell of the row contains one nucleus, the middle cell contains two nuclei, 
one from each of the two original nuclei, and the basal cell the remaining one 
of the four (Text-fig. 12). When first formed, the transverse walls are very 
thin and may be easily overlooked, but they become thicker and more obvious 
after a while. In all the perithecia of this age in Phyllactinia this three-celled 
condition is the rule. Even the cut examples at this stage could all be recon- 
structed on the three-celled plan. 

Of the three cells now forming the fertile branch, the tip cell takes no further 
important part in the development and can often be seen intact at a later stage 
(Text-fig. 13). The basal cell of the row functions as a stalk cell; it usually 
remains undivided and puts up slender hyphae which form an inner layer 
of sheath cells; occasionally it divides by a transverse wall forming two uni- 
nucleate cells, both of which may give rise to inner sheath. Towards the end 
of the season this tendency to divide becomes more marked and young 
perithecia with as many as five uninucleate cells, supporting the binucleate 
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cell, have been seen. It is possible that such a perithecium never reaches 
maturity. 


The main business of the further development of the fertile region of the 


TEXT-FIGS. 10-13. Developing fertile branch. Fig. 10. Nuclear division in binucleate 
oogonium, nuclei in telophase, antheridium still visible. Fig. 11. Oogonium with four 
nuclei seen from the top of the curved cell, antheridium still visible. Fig. 12. Three-celled 
fertile branch seen from the side, branch uncut and all the nuclei visible. Fig. 13. Three- 
celled fertile branch after nuclear division in the central cell, tip and basal cell still undivided; 
reconstructed from two sections. In all these figures the cytoplasm has been shown only in 
the central cells of the perithecitum. All X 1,700. 


perithecium devolves upon the binucleate cell. It continues to elongate and 
the nuclei divide so that at first a quadri-nucleate cell is formed (‘Text-fig. 13). 
These four nuclei divide at least once more, so that a curved multinucleate 
cell is formed. Active growth of the whole perithecitum accompanies these 
nuclear divisions, the sheath being augmented by the inner layer from the 
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basal cell and as the fertile cell elongates it is forced to curve because of the 
pressure from the sheath. At the same time short branches grow out from 
the upper side of the multinucleate fertile cell, away from the leaf surface, 
and some of the nuclei pass into them (Text-fig. 14). These branches are the 
young ascogenous hyphae. As the ascogenous hyphae appear the multi- 
nucleate cell from which they arise becomes cut up by cross walls into a 
number of irregular portions. ‘These. stages have often to be reconstructed 
from several sections, so that it is impossible to settle the exact distribution of 
the nuclei. The fertile branch is always curved, and some of the cells are cut. 
Portions containing one, two, or more nuclei can be seen, but these are not 
always complete cells (Text-fig. 15). 

The ascogenous hyphae increase in length and branch. At first they stand 
erect and perpendicular to the leaf surface. A little later, as growth continues, 
they may be temporarily pushed sideways by the surrounding sheath, which, 
although constantly increasing, does not always keep pace with the rapid growth 
of the central region. At this time any sheath cell may contain more than one 
nucleus, if cell division has not immediately followed nuclear division. After 
a while the sheath appears to catch up with the growth in length of the 
ascogenous hyphae, which once more stand erect. It is easy here, as at all 
times, to distinguish between the sheath and the central fertile branches, since 
the latter are always thicker and contain more cytoplasm and larger nuclei 
than the sheath cells. Up to this time the ascogenous hyphae are branched 
and multinucleate. They are also non-septate, but occasionally where a 
branching has taken place a transverse wall is formed. Each branch contains 
four or more nuclei (‘Text-figs. 16and 17). The original fertile cells from which 
the ascogenous hyphae arose disappear as the system becomes increasingly 
branched, but it can still be seen that the main branches have all arisen very 
close together, consistent with their origin from two or three nearly related 
cells. Only the branches present in one thick section are shown in the figure, 
but the whole system is branched in all directions. In obliquely cut sections 
the ascogenous hyphae present a bewildering mass of multinucleate, binucleate, 
and uninucleate cut portions which are quite unintelligible, and only those 
perithecia which have not been disturbed from their original position on the 
leaf and have been cut exactly through their attachment to the leaf show the 
regular arrangement of the branches. 

The nuclei in the non-septate ascogenous hyphae now divide. These 
divisions are not simultaneous in all the branches and have only been seen 
a few times. Two nuclei are shown in prophase in Text-fig. 18, and a few 
telophases have also been found besides the one countable metaphase to be 
referred to later. After nuclear division, cell walls are formed in the ascogen- 
ous hyphae across the spindles, and this results in a row of cells in each branch 
with a uninucleate tip cell, a varying number of binucleate cells occupying 
the middle region of the branch, and a uninucleate basal cell (Text-fig. 19). 
This arrangement of the nuclei is quite consistent and has been seen in many 
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TEXT-FIGS. 14-21. Development of the ascogenous hyphae. Fig. 14. Central fertile 
region of the perithecium with two young ascogenous hyphae. The perithecium was cut 
into three; the other two sections each contained only sheath and a small uninucleate piece 
of the fertile branch. Fig. 15. Section of perithecium slightly older than the last, with septa 
in the fertile branch and young ascogenous hyphae. Fig. 16. Older multinucleate ascogenous 
hypha. Fig. 17. Section of perithecium with branched multinucleate ascogenous hyphae, 
sheath and some of the cytoplasm omitted. Fig. 18. Ascogenous hypha with nuclei in pro- 
phase before division. Fig. 19. Section of perithecium with septate ascogenous hyphae, 
sheath, and some of the cytoplasm omitted. Fig. 20. Origin of young binucleate ascus ; the 
uninucleate tip cell is still visible. Fig. 21. Fusion of nuclei in the ascus. (a) Fusion of lateral 


granules. (b) Fusion of nucleoli. Figs. 14, 16, 18, 20, and 21. X1,700. Figs. 15, 17, and 
19. X1,I00. 
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perithecia. As in the three-celled fertile branch already described, the basal 
cell of any ascogenous hypha may undergo division so that more than one 
uninucleate cell may be found at the base of the branch. 

Almost as soon as the cell walls are formed the topmost binucleate cell 
begins to push out to the side of the uninucleate tip cell to form a young 
ascus (Text-figs. 19 and 20). ‘This development may be repeated by the cell 
immediately below it in the branch, for any of the binucleate cells can become 
an ascus, but not all of them reach maturity. The average number of binucleate 
cells in the ascogenous hypha system is thirty-six, and the average number of 
asci in the mature perithecium is twenty-four. As the asci increase in size 
they push aside and absorb the remains of the ascogenous hyphae and the 
inner layers of the sheath so that the centre of the perithecium becomes filled 
with a group of young asci which, by adjustment in the growth of their bases, 
now all lie at one level. They are surrounded by a wall of two or three layers 
of cells and are at first binucleate, but nuclear fusion occurs before the asci 
are fully grown. 

Each nucleus, just before fusion, has a large nuclear area, a conspicuous 
nucleolus, a small lateral granule, and a mass of irregularly twisted chromatin 
threads (Pl. XVI, Fig. 9). The nuclear areas of the two nuclei at first only 
touch and then the limiting membranes run into each other so that a dumb- 
bell-shaped area is formed, containing two nucleoli and two chromatin masses. 
Next the chromatin masses touch, and although the two lateral granules fuse 
the chromatin masses do not seem to mix intimately with each other but re- 
main as two adjacent groups of chromosomes (Text-fig. 21a). The nucleoli 
remain separate a little longer, but finally they also fuse (Pl. XVI, F ig. IO). 
At the time of fusion all the individual chromosomes cannot be identified: 
they are in the form of long thin intertwined threads and only some of the 
ends are visible (Text-fig. 215). At some time after the fusion the chromo- 
somes must pair, since it is followed eventually, after a period of consider- 
able growth, by the appearance of the bivalents ready for the meiotic divi- 
sion. The actual time of pairing cannot be ascertained. 

The whole perithecium, after nuclear fusion in the ascus, consists of a wall 
of cells, some four or five cells thick, and a central group of twenty or more 
asci. Each ascus contains a nucleus situated near the base where the ascus 
narrows to a stalk. Further development is mainly an increase in size of all 
the component parts of the perithecium until they reach their maximum 
dimensions. The two kinds of appendages begin to grow out from the peri- 
thecial wall and, with the appearance of the terminal ones, the nucleus moves 
up from the base of the ascus to its middle, nearly doubles its size, and pro- 
ceeds to undergo the usual prophase changes which precede a meiotic division. 


CHROMOSOME COUNTS IN THE YOUNG PERITHECIUM 


The information obtained from chromosome counts at nuclear division 
during the growth of the young perithecium is given separately here, rather 
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than in its apparently more logical position in the preceding account of the 
development of the ascocarp, in order that its significance shall not be lost 
in a mass of morphological detail. 

Divisions in the early stages of sheath formation are relatively common. 
In the very best examples ten chromosomes are visible at metaphase (PIAA 
Figs. 5 and 6). Many divisions have been seen where nine is the maximum 
countable at metaphase, but it is fairly certain that in these one of the smaller 
chromosomes is hidden behind the larger ones (‘Text-fig. 7b). The spindle 
is very conspicuous, with a deeply staining granule, the centrosome, at each 
end. Several anaphases have been seen (Pl. XVI, Fig. 7), and here also nine 
chromosonies are usually visible; eight can be counted at each end in the 
figure. These counts by themselves establish the haploid chromosome 
number for Phyllactinia as being in the region of ten.! 

Chromosomes counts have also been made in the developing sex branches, 
although dividing nuclei are less common here than in the sheath cells. A 
pair of very young sex branches with the nucleus in the parent hypha of one 
of them in division is shown in Pl. XVI, Fig. 1. This nuclear division will 
provide the nucleus for one sexual branch, and eight chromosomes can be 
seen on the metaphase plate. An early metaphase in the young antheridial 
branch with eight chromosomes visible is shown in Text-fig. 2, and divisions 
also with about nine chromosomes at metaphase have been found in young 
oogonial branches. While these counts do not give an exact haploid number 
they confirm the more accurate results obtained from divisions in the sheath 
cells. 

Nuclear divisions have also been seen in the ascogenous hyphae, and here 
again the haploid number is found. One very beautiful metaphase (PI. XVI, 
Fig. 8) situated near the base of an ascogenous hypha shows ten chromosomes. 
Two metaphases in the binucleate oogonium have been seen and these show 
a maximum of ten, again the haploid number, but these two preparations 
are not good enough to yield an accurate result and are only quoted as cor- 
roborative evidence. The cytological proof that a fusion of nuclei has 
occurred in the life-history of a fungus such as Phyllactinia would be 
the manifestation of the diploid chromosome number at metaphase during 
nuclear division in the ascogenous hyphae. In this material of Phyllactinia 
only the haploid chromosome number has been encountered in the nuclear 
divisions throughout the development of the young perithecium, including 
those in the ascogenous hyphae. This evidence, although not overwhelming 
in its quantity, seems to preclude any suggestion of a nuclear fusion in the 
oogonium. 

It is well to emphasize yet again the relative rarity with which nuclear 
divisions are found in the young perithecia in fixed material. Only under the 
optimum conditions of growth at the moment of fixation have they been found 


1 The haploid number of ten is established definitely by counts at anaphase in the last 
nuclear division in the ascus; see next section. 
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to be present. This result is borne out by the fact that, in all the previous 
work on the group, not more than a few uncountable metaphases in sheath 
cells of the young perithecium have been published. 


CHROMOSOME COUNTS IN THE ASCUS 

In contrast to the position with regard to nuclear divisions in the young 
perithecium, no difficulty was encountered in obtaining beautifully fixed and 
stained nuclear figures in the ascus, and the account here is based on many 
examples. 

Heterotype division. The early stages of prophase are considerably pro- 
longed, taking place while the growth of the perithecial appendages is in 
progress. The spindle develops within the nuclear area while the nucleus is 
still in prophase, and is at first asymmetrical. The first sign of spindle forma- 
tion is the division into two of the small lateral granule, the centrosome. 
These two granules then separate and the spindle appears between them. 
They continue to move apart and the spindle elongates and straightens out 
until it reaches across the nuclear area and lies parallel to the long axis of the 
ascus. By this time the chromosomes are lying in pairs on the spindle. At 
very early metaphase the ten bivalents still show their characteristic shapes 
and the nucleolus is unchanged in size (PI. XVII, Fig. 11). The pairs differ 
very much in size, there are two very long pairs, six medium-sized pairs, and 
two very small pairs. At late metaphase, before the pairs finally move apart, 
they lie closer to each other on the spindle and the pairs themselves are smaller 
and more compact (PI. XVII, Fig. 12). In some preparations at this stage one 
or both of the small pairs may be hidden behind their larger neighbours; both 
of them are visible in the figured example. An early anaphase where all but 
two of the pairs have separated, and showing the full diploid number, is seen 
in Pl. XVII, Fig. 14, while at late anaphase ten chromosomes are arranged 
near each pole (Pl. XVII, Fig. 15). The nucleus in this figure was situated 
in a somewhat obliquely cut ascus so that the two anaphase groups were seen 
nearly from the polar view at considerably different focal levels. 

The daughter nuclei, after the first division, lie in the middle of the ascus, 
each nucleus being conspicuously beaked (Text-fig. 23). These beaks corres- 
pond in position to the centrosomes of the previous division and from them 
the remains of the aster can still be seen radiating out into the cytoplasm. Be- 
tween the nuclei the remnant of the nucleolus of the fusion nucleus is. often 
visible (Text-fig. 23). During the re-formation of the daughter nuclei the dis- 
tance between them increases considerably. The lower nucleus, that nearer to 
the ascus stalk, lies practically in the middle of the ascus, and the upper nucle- 
us is pushed nearly to the ascus tip (Text-fig. 23). The lower nucleus increases 
in size more rapidly than its sister and is often seen to be approaching meta- 
phase of the homotype division before the upper one is fully grown. 

The homotype division follows closely on the heterotype, and both divisions 
are often to be found in the same perithecium. The spindles are formed for 
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this division in precisely the same way as for the previous one; that of the 
lower nucleus lies parallel to the long axis of the ascus and that of the upper 
lies at right angles to it and in the ascus tip (Text-fig. 24). The two nuclei 


TrExT-FIGS. 22-7. Diagrams showing position of the nuclei during the three nuclear divi- 
sions in the ascus. Fig. 22. First metaphase, nucleolus shown as a circle. Fig. 23. Daughter 
nuclei after first division, remains of nucleolus between the nuclei. Fig. 24. Metaphase of 
second division, nucleoli shown as circles. Fig. 25. After the second division, the nucleus 
right at the top of the ascus is the sister of the larger one in the middle. Fig. 26. Third 
division, large nucleus in the middle of the ascus at anaphase, the other three at the top with 
chromosomes about to split. Fig. 27. Eight nuclei in ascus, spores beginning to form round 
the two beaked nuclei in the middle, the other six nuclei without asters or beaks. All x 870. 


are shown in metaphase in Pl. XVII, Fig. 17; the upper one, in which the 
spindle is not fully stretched across the nuclear area, is lagging behind the 
lower one where the chromosomes are arranged on the mature spindle. In 
both nuclei ten chromosomes are visible, and those in the lower nucleus are 
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already split. A slightly later stage is shown in Pl. XVII, Fig. 18, where in the 
lower nucleus all the chromosomes have divided and are just on the point of 
moving apart to form two groups of ten. 

After division is complete the four daughter nuclei are again pear-shaped 
and beaked. The lowest of the four occupies the middle of the ascus and the 
other three lie rather crowded together in the ascus tip (Text-fig. 25). They 
remain in these positions until the next division begins. 

The third division. At the onset of the final division in the ascus the dis- 
crepancy in size of the nuclei is even more marked than before. The lowest 
nucleus is very much the largest and divides slightly in advance of the other 
three (Text-fig. 26). The spindle of the lowest nucleus is either parallel to 
the long axis of the ascus, or rather obliquely placed. This nucleus can be 
seen in metaphase with all ten chromosomes visible in Pl. XVII, Fig. 19. The 
other nuclei in this ascus have not been shown as they are all still in prophase 
and do not give accurate chromosome counts. A later stage is shown in the 
next figure. Here the lowest nucleus (Pl. XVII, Fig. 20a) is in anaphase, the 
chromosomes have divided and two groups of eight can be seen. The nucleus 
and spindle are large, comparable in size with those of the previous division. 
The other three nuclei are crowded together in the ascus tip (Pl. XVII, 
Fig. 205) and the chromosomes have barely divided. It can be seen that the 
spindles of all these nuclei are considerably smaller than the fourth nucleus 
already described. The lowest nucleus of an ascus which contained four 
dividing nuclei is shown at late anaphase in Pl. XVII, Fig. 21. Here the 
chromosomes have divided and moved apart and a group of ten can be seen 
at each pole. 

As a result of this last division two large nuclei, with well-marked asters, 
lie in the middle of the ascus (Text-fig. 27), while the other six lie crowded 
together into the ascus tip. These six nuclei increase hardly at all in size and 
remain in the same place while spore formation begins round the two large 
central nuclei (Text-fig. 27). 

Spore formation. ‘Two spores only! are found in the ascus of Phyllactinia 
and these are formed in relation to the two nuclei occupying the middle of 
the ascus. The spore membrane appears first in the region of the centrosome. 
From this point it stretches out through the cytoplasm, following the curve 
of the astral rays until a portion of cytoplasm containing a nucleus is de- 
limited. At this time the six supernumerary nuclei lie in the ascus tip without 
any signs of beaks or asters (‘Text-fig. 28 and Pl. XVII, Fig. 22). The spores 
increase in size, while the residual cytoplasm becomes scanty and granular, 
until they very nearly fill the ascus and in doing so.push the other six nuclei 
from their position in the tip round the sides of the uppermost spore into the 
space between the spores (PI. XVII, Fig. 23). Here they remain until they 


* According to Salmond’s (1 900) monograph, three and even four spores have been 
reported for Phyllactinia. This is a very rare occurrence and has never been seen in the present 
material. 
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eventually degenerate and disappear. The spore nuclei do not divide again, 
so that at maturity the asci each contain two uninucleate spores with only very 
slightly thickened walls. Germination of the spores has not been seen. 

The nuclear history of the ascus is thus a simple one. The two nuclei in 
the young ascus fuse and after a long period of rest while the ascus trebles 
its size the fusion nucleus undergoes reduction division. The diploid chromo- 
some number is twenty and the chromosomes are of three different sizes, 
two pairs being very small. The homotype division is followed by an equa- 
tional one. Two uninucleate spores are formed and the other six nuclei 
degenerate. 


DISCUSSION 


The evidence accumulated from this study of the life-history of P. corylea 
points to the conclusion that the form of this fungus under investigation is 
apogamous. The evidence in favour of this view may be profitably summarized 
as follows: 

1. Chromosome counts at critical stages in the life-history, from the young 
sexual branches to the ascogenous hyphae, all give the haploid’ number; these 
counts, although not numerous, are individually convincing and present a 
considerable weight of evidence when viewed as a whole. 

2. Nothing has been seen which could be interpreted as the passage of the 
male nucleus into the oogonium; fusing nuclei, such as are so easily observed 
in the young ascus, have never been found in the oogonium. This was not 
the conclusion which was expected when the work was begun. 

3. What seems to be a degenerating nucleus can be seen im situ in the 
antheridium after the oogonium has become binucleate.” 

4. The degeneration of the male nucleus is progressive from very early in 
the development of the sexual branches and is well advanced while the 
oogonium is still uninucleate. 

5. The oogonium in this material is constantly uninucleate until it has 
reached a degree of sheath formation well in advance of that of the fusion 
stages figured by Harper for his material (cf. Text-figs. 5 and 6 and Harper, 
Figs. 6 and 7). 

6. During the whole of the life-history there is never visible more than 
the diploid number of chromosomes, and this is only manifested as the ten 
bivalents at early metaphase (Pl. XVII, Fig. 11) of the meiotic division in the 
ascus. 

The evidence against the apogamous condition is confined solely to the fact 
that nuclei of two different sizes are present when the oogonium is first seen 
to be binucleate. This very astonishing difference suggests at once that the 


1 There is no certain way of determining whether the basic chromosome number of this 
plant is really the haploid number; the term is used here as referring to. the reduced number 
found after meiosis. ’ 

2 This binucleate condition must not be confused with that in the very young oogonial 
branch which is binucleate before the stalk cell is delimited from the oogonium. 
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two nuclei might be of different origin and not the result of a division of the 
oogonial nucleus; that is, that the larger nucleus nearer the base of the cell 
could be the original nucleus of the oogonium, and that the smaller one could be 
the male nucleus. On this interpretation the remains in the degenerating 
antheridium would not embody a nucleus. This explanation, however, under- 
estimates the fact that these remains are so very like a nucleus, with its single 
persistent nucleolar granule (Text-figs. 6 and 7), and neglects the chromosome 
counts, both positive pieces of evidence. 

The chromosome counts alone, however, do not disallow the hypothesis 
that a male nucleus has passed into the oogonium. It might be possible, 
neglecting all the evidence except the chromosome counts and the unequal 
nuclei, to postulate an association of male and female nuclei in the oogonium, 
at this stage, and a subsequent fusion of their progeny in the young ascus 
(i.e. a modification of Claussen’s description for Pyronema confluens, 1912). 
This explanation is untenable because the nuclear divisions in the ascogenous 
hyphae are not conjugate ones, and by no other method could two-thirds! 
of the binucleate ascogenous hyphae cells contain the correct nuclear comple- 
ment for ascus formation. 

A more credible explanation of the discrepancy in size between the two 
oogonial nuclei is that the original nucleus has divided and the two daughter 
nuclei have grown at different rates in the manner already described for the 
nuclei in the ascus. The nucleus at the base of the large cell in this way gets 
ahead of its fellow after division. These unequal sized nuclei were seen by 
Harper and commented on by him in his account of Phyllactinia (1905, p. 84). 
They were not considered by him to be the male and female nuclei, fertiliza- 
tion having been described earlier in the development of the perithecium. 
He also considered them to be the result of a division of the oogonial nucleus, 
but thought the small nucleus merely an accessory one and unconnected with 
the main course of the life history. He did not notice the gradual increase in 
size of the smaller nucleus at successive stages in the further development of 
the oogonial cell. The final-proof of the occurrence of apogamy in P. corylea, 
that of a pair of sexual branches with a nucleus in the antheridium and a 
dividing nucleus in the oogonium, has not so far been seen, but the weight 
of evidence presented above seems to be in favour of apogamy as the best 
explanation of the observed facts. 

With regard to the morphology of the perithecium several points are worthy 
of comment, since the present account differs in three important details from 
those of earlier workers. These will be discussed in turn. 

1. In Phyllactinia the perithecium arises always in connexion with two 
perfectly regular erect branches, which are soon sufficiently different in 
appearance to be called antheridial and oogonial. ‘These two branches con- 
tinue their growth by a regular sequence of events. At every stage the young 


x An average of twenty-four out of a possible thirty-six binucleate cells form asci and more 
than this begin to grow out in the early stages of ascus formation. 
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perithecium can be referred back to such a parentage. Furthermore, there 
is no break in the continuity at any point in the life-history of the central 
fertile region, and the ascogenous hyphae always arise from cells of the fertile 
branch. This method of development is substantially the same as that given 
by de Bary (1887). It differs so fundamentally from the descriptions by 
Allen (1936) of E. polygoni that it is not possible or profitable to compare the 
two accounts in detail here. 

2. In all the earlier accounts of the formation of the row of cells of the 
fertile region of the young perithecium, the method by which the binucleate 
oogonium became a row of cells of which only the penultimate was binucleate 
is nowhere explained. The present description of nuclear division, with the 
formation of four nuclei and cell-wall formation across the spindles, does 
provide a sequence of events which leads logically to a row of three cells, of 
which the middle one must be binucleate (Text-figs. 10, 11, and 12). This 
arrangement of cells is very reminiscent of crozier formation described for 
some Ascomycetes (Gwynne-Vaughan and Williamson, 1931, 1932, 1934; 
Claussen, 1912). The stalk cell of the row may and often does divide again. 
If it does so, then the well-known and much figured row of cells, with one 
binucleate one interpolated before the tip cell, results. 

3. The ascogenous hyphae at first follow a course similar to that of the 
oogonial branch. They are multinucleate and non-septate and then, by forma- 
tion of septa along their length, across the spindles of the last division, a row 
of cells is produced. By this method the tip cell and the basal cell of each 
hypha are uninucleate, while those between are binucleate (cf. Pyronema 
confluens Gwynne-Vaughan and Williamson, 1931). Intheascogenous hyphae, 
as in the oogonial branch, the basal cell of any row may divide again so that more 
than one uninucleate cell may eventually be found there. The fact that the 
binucleate cells of the ascogenous hyphae in P. corylea, like those of Geopyxis 
catinus (Guilliermond, 1905), grow out to form asci without the intervention 
of a crozier is interesting. In many Ascomycetes any binucleate cell of the 
row destined to become an ascus buds out and bends over so that a hook 
is formed. The two nuclei divide simultaneously and then septa are laid 
down so that a three-celled crozier results. The middle binucleate cell of 
these three becomes the ascus. In Phyllactinia, as has already been suggested, 
itis the first few divisions of the young fertile branch (p. 388 and Text-fig. 12) 
which follow the course as if for crozier formation, and the process is not 
repeated during the development of the binucleate cells of the ascogenous 
hyphae into asci. This particular grouping of non-sister nuclei is effected 
twice in the life-history; in the young fertile branch and in the ascogenous 
hyphae in Phyllactinia; in the ascogenous hyphae and in the crozier in other 
Ascomycetes such as Pyronema. The relationship, if any, of these two life- 
histories is obscure. 

A comparison of the results obtained from the present material with those 
of Harper in 1905 brings out some very interesting differences. Several of 
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these, such as the development of the fertile branch and of the ascogenous 
hyphae, have already been dealt with, but there remain some details especially 
relevant to the earlier paper. The haploid chromosome number given by 
Harper is eight and all the chromosomes are more or less equal in size. The 
number for the plant investigated here is ten and two of the chromosomes 
are very small. This difference may be a genuine one or it may be that the 
two small chromosomes were obscured in Harper’s material by their larger 
neighbours. Apogamy with a degenerating nucleus in the antheridium is the 
rule in this material, whereas Harper describes fertilization for his plant. In 
one of his figures, however (Fig. 11), there is shown, in a cell described as an 
empty antheridium, a clear circular area containing a granule commensurate 
in size with the nucleolus of the antheridial nucleus. This whole structure 
very much suggests a degenerating nucleus and its presence tempts one to 
think that perhaps at least some of Harper’s material was apogamous like the 
plant investigated here. 

The lateral fusion of chromosomes described by Harper for his fusing 
nuclei (1905 p. 61,) has not been seen during this investigation. The inter- 
pretation of prophase stages is always difficult, and all that can be said for the 
present material is that during prophase the chromosomes are looped about 
the nucleolus with occasional free ends visible. ‘The chromosomes are un- 
doubtedly paired in preparation for meiosis at very early metaphase, and at this 
time the bivalents are variously shaped and very distinct. The question of the 
fusion of chromosomes during nuclear fusion in the oogonium does not arise 
in the present material, since the peritheciurti develops apogamously. 


SUMMARY 


1. The young sexual branches in Phyllactinia are erect and coiled about 
one another and very distinct from the vegetative mycelium. Every peri- 
thecium begins with the development of such a pair of sexual branches. 

2. Antheridial and oogonial cells are cut off before the sheath grows up. 

3. The antheridial nucleus degenerates in the antheridium and the 
oogonium continues its growth without a sexual fusion. 

4. The oogonium becomes quadrinucleate by nuclear division, and then, 
by the formation of septa across the spindles, a three-celled branch is formed 
of which the middle cell is binucleate. 

5. After further nuclear division the ascogenous hyphae grow out from the 
middle cell of the fertile branch. They are multinucleate and non-septate at 
first and then septate so that rows of binucleate cells are formed with a uni- 
nucleate cell at the top and base of every row. 

6. The asci are formed directly from the binucleate cells of the ascogenous 
hyphae without the intervention of a crozier. 

7. The haploid chromosome number of ten is found in all the nuclei in the 
young perithecium and in the ascogenous hyphae. 

8. Reduction division follows nuclear fusion. Six nuclei are found in the 
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ascus at the time of spore formation, but only two uninucleate spores are pro- 
duced in each ascus. 


In conclusion, I wish to thank Professor Lang and Professor Dame Helen 
Gwynne-Vaughan for help during the three years that this work has been in 
progress. 
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EXPLANATION OF PLATES XVI AND XVII. 


Illustrating Dr. Barbara Colson’s paper on ‘The Cytology and Development of Phyllactinia 


corylea Lév.’ 
PLATE XVI 


Fig. 1. Very young sex branches, nucleus in one of the parent hyphae in division; eight 
chromosomes visible on the metaphase plate. X 2,600. 

Fig. 2. Young sex branches after formation of stalk cells; nucleus in the antheridium still 
unchanged. X 2,600. 

Fig. 3. Beginnings of sheath formation from the oogonial branch; antheridial nucleus 
slightly swollen and showing degenerating chromatin. x 2,600. 

Fig. 4. Binucleate oogonium, nuclei slightly different sizes. Antheridium and stalk visible, 
nucleus in antheridium much degenerated but with nucleolus still clearly present. X 2,600. 

Fig. 5. Metaphase of nuclear division in the sheath cell with nucleolus and spindle ends, 
ten chromosomes visible. X 3,400. 

Fig. 6. Same as above, another example. X 3,400. 

Fig. 7. Anaphase in a sheath cell, eight rather drawn out chromosomes visible at each 
pole. The nucleolus is still visible. 3,400. 

Fig. 8. Metaphase in cell at the base of an ascogenous hypha, ten chromosomes visible on 
the plate. xX 3,400. 

Fig. 9. Binucleate ascus with the two nuclear areas in contact. X 2,600. 

Fig. 10. Fusion of the two nucleoli. 2,600. 


PLATE XVII 


Fig. 11. Very early metaphase of first division in the ascus, with two large pairs, six medium- 
sized pairs, and two very small pairs close together. The nuclear area is still clearly visible 
and the nucleolus large. x 3,400. 

Fig. 12. Metaphase of first division ten pairs of chromosomes; the small granule near the 
lower edge of the group is the nucleolus. This is the nucleus of the ascus shown in Text- 
fig. 22. X 3,400. 

Fig. 13. Photograph of the same nucleus from text-figure 22; the nucleolus and one pair 
of chromosomes are out of focus. X 1,400. 

Fig. 14. Early anaphase of first division in the ascus ; all but two of the pairs have separated : 
these two are still just joined; nineteen of the twenty chromosomes visible, the nucleolus is on 
the left-hand side of the spindle. x 3,400. 

Fig. 15. Late anaphase of first division; the ascus was cut obliquely and the two groups 
of chromosomes are at different focal levels with the nucleolus between them; all three levels 
have been united in the figure; ten chromosomes are visible at each pole. xX 3,400. 

Fig. 16. Photograph of the lower of the two anaphase groups from Fig. 15. Nine of the 
ten chromosomes are in focus. X 1,400. 

Fig. 17. Metaphase of the second division in the ascus; both nuclei are shown. In the 
lower nucleus the ten chromosomes are all showing the split; the nucleolus lies on the right. 
In the upper, the chromosomes are all still unsplit. These are the nuclei in the ascus in 
Text-fig. 24. X 3,400. 

Fig. 18. Early anaphase of the second division. All the chromosomes are split in the 
lower nucleus and a few halves have already separated ; the nucleolus is at the bottom on the 
right. In the upper nucleus the chromosomes hardly show the split; the nucleolus lies clear 
of the spindle toward the top of the ascus. X 3,400. 

Fig. 19. Metaphase of the third division; ten chromosomes and nucleolus visible. 3,400. 

Fig. 20a and 6. Two parts of the same ascus with four nuclei in division. (a) The lowest, 
largest nucleus at early anaphase; two groups of eight and the nucleolus are visible. (b) Three 
nuclei in the ascus tip all still at metaphase. These nuclei are from the ascus in Text-fig. 26. 
X 3,400. 

Fig. 21. Late anaphase of third division in the ascus, a group of daughter chromosomes 
at each pole; in the lower group ten are visible. The nucleolus lies to the right. 3,400. 

Fig. 22. Uninucleate spores and six nuclei in the tip of the ascus. x 1,300. 

Fig. 23. Uninucleate spores and the other six nuclei degenerating in the space between the 
spores. 1,300. 
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1. INTRODUCTION 


INCE the discovery of fructosans by Muntz (1878) a number of records 

of their occurrence in grasses and cereals has established that these sub- 
stances are normal constituents of such plants (see Tanret, 1891 ; Belval, 1924; 
Colin, 1925; Cugnac, 1931; Kizel and Keretovisch, 1934; Wender, 1919; 
Norman, 1936). In the cereals wheat, barley, and rye they are reported as 
occurring in the stems, particularly towards the base, and in the developing 
ears, and recently they have also beenisolated from barley leaves (Archbold and 
Barter, 1935). It is therefore clear that these carbohydrates may be distributed 
throughout the plant and should be included in any quantitative survey of the 
soluble sugars in cereals. Little informationis available either as to the amounts 
of fructosan present in these plants or as to the conditions which govern their 
appearance. It has already been stated in Part I (Archbold, 1938) of this paper, 
which deals with the analytical methods adopted for the present work, that 
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evidence has been obtained of a relation between fructosan content and nitro- 
gen deficiency, and the data relating to this effect of nitrogen are included in 
the present paper. A more detailed study of the effect of some other mineral 
constituents has since been carried out in this laboratory by Russell (1937). 
The primary object of the present work was to investigate the seasonal 
drift of fructosan content both in relation to the other soluble sugars and to 
the total carbohydrate in leaves, stems, and ears of the barley plant. At the 
same time an attempt has been made to account for all the assimilated carbon 
stored in these organs as sugar (including fructosans), fats (ether-soluble 
fraction), water-insoluble polysaccharides, proteins, and an undefined water- 
soluble fraction found by difference which will include organic acids, soluble 
hemicelluloses, &c. For this purpose analyses have been made of the main 
axes and first tillers of barley plants grown in soil during the two seasons 
1935 and 1936. The details of collection and sampling and the analytical 
methods used are described in detail in Part I (p. 184). The period covered 
was from the time of emergence of the third leaf until about a month after full 
emergence of the ear. The final phase of the growth cycle, up to full ripeness 
of the ear, was to have been studied in 1937, but after the collection of six 
samples the remainder of the plants was unfortunately devoured by rats. 


2. EXPERIMENTAL DaTA 
Growth curves from the fresh weight data, 1935 and 1936. 


The growth curves as found from the fresh weight measurements are shown 
in Fig. 1, and the fresh weight determinations are included in Table VI. The 
curves for the complete shoots have the usual sigmoid form and call for no 
special comment except that heavy rain during the collection of some samples 
in 1936 made it very difficult to remove all adhering water before weighing, 
and rather high fresh weight values were obtained on these occasions; such 
values are marked w in Fig. 1. 

In both seasons the maximum leaf weight per shoot was reached just after 
full expansion of the last leaf, or nine to ten weeks after germination. At this 
stage there were four to five green leaves remaining on each stem, while at the 
last collection a month later only one or two leaves remained green. The 
maximum stem weight was reached about ten days later than that of the leaves. 
The subsequent fall in the fresh weight of the stems is not clearly shown in the 
1936 series, but the six samples collected in 1937 confirm this loss of fresh 
weight clearly indicated by the 1935 series. In both seasons the ears had not 
reached their maximum weight when the final samples were taken. 

The growth curves for the separate internodes of the stem and the effect 
of defoliation and removal of the ears on the fresh weight values are shown in 
Fig. 2 and in Table I. 

Defoliation and ear removal were effected after the emergence of the last leaf 
and before full elongation of the last stem internode. Fig. 2 makes it clear that 
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the elongation of each internode requires only a few days (three to six), and 
that the maximum fresh weight attained becomes progressively larger from 
the base upwards. The fresh weight of the two lower internodes fell slowly 
throughout July, while that of the two upper internodes remained practically 
constant after the maximum weight was reached. It is, however, apparent 
from the few samples collected in 1937 that a fall in fresh weight in the upper 
internodes begins somewhat later than in the lower, so that this stage was not 
reached before the close of the 1936 experiment. 

The effect of defoliation on the fresh weight of the two lower internodes 
was negligible, but the growth of internodes 1 and 2 (numbered from apex 
downwards) was somewhat retarded, particularly that of internode 1. Ear 
removal resulted in.a more rapid loss of fresh weight in the lower internodes 
than in the control plants and also retarded the growth of the upper inter- 
nodes, the retardation of internode 1 being even greater than after defoliation. 
It is of some interest that removal of the ear produced an immediate effect 
in reducing the growth of the stem. The rapid production of new tillers 
in these plants has already been noted in Part 1 (p. 185). 

In all three series the fresh weight of the ear sheath fell continuously, the 
loss in the defoliated plants being the greatest. In the defoliated plants ear 
development continued, but at a slower rate than in the controls, while in the 
plants from which the ears had been removed the fresh weight of the leaves 
was on the whole a little lower than that of the controls. 


Seasonal drift of sugar content in leaves, stems, and ears. 


The seasonal drift of total sugar and of fructosan content is shown in 
Figs. 3 and 4 and in Table II in terms of the weight of sugar in twenty 
shoots. 

During vegetative development, when the ratio of leaf to stem weight is 
greater than unity, the sugar content of the leaves steadily increases. The 
early leaves begin to die off at about the fifth-leaf stage, but the greater size of 
the later leaves together with a higher sugar concentration results in a con- 
tinued increase in the amount of sugar per shoot. During stem elongation, 
when the ratio of leaf to stem weight falls rapidly the amount of sugar in the 
leaves falls, and in 1935 and 1937 this fall continued, when stem growth was 
complete, while rapid ear growth was in progress. In 1936 there was a 
secondary rise in leaf sugar when stem growth ceased. In this series some 
tillers were removed from the plants after emergence of the last leaf (see Part 1, 
p. 185), and it is suggested that this removal resulted in an accumulation of 
sugar which would not normally have occurred. 

Separate analyses of the two upper and two lower leaves present at any one 
time were made in 1935 (see Fig. 3). In this series the final fall in sugar con- 
tent was mainly confined to the lower leaves as they died off, the amount in the 
upper green leaves remaining constant after full expansion. Whether the fall 
as senescence begins is due to a failure to replace respiration losses or to a 


Archbold—Physiological Studies in Plant Nutrition. VII 409 


more rapid rate of translocation of sugar from the dying leaves cannot be 
ascertained from the present data. 

The concentration changes of sugar in the leaves confirm those already noted 
by Gregory and Baptiste (1936) and Gregory and Sen (1937) in their studies. 
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Fic. 3. Total sugar and fructosan contents (grammes in twenty shoots) of barley leaves 
during growth; 1935, 1936, and 1937. 


of single leaves on the main axis. Sugar concentration falls until the fourth 
leaf emerges, covering the period of active tillering, and subsequently there 
is a steady rise until rapid stem elongation begins (ninth leaf), after which 
there is a secondary fall. During ear growth the concentration again rises, 
predominantly owing to a relatively large fall in water content, not to a real 
increase in the total amount of sugar present (see p. 404). No account has 
been taken here of variations produced by diurnal changes or by climatic 
conditions. The general similarity of the seasonal drift in the two years and 
the agreement with the data of Gregory suggest that by sampling at a fixed 
time of day fluctuations due to these factors fail to mask the general drift with 
time. 

Up to the emergence of the seventh or eighth leaf the aerial parts of the 
plant other than leaf blades consist principally of the leaf sheaths. These 
have initially a very low sugar content (see Fig. 4), and at the fourth-leaf stage 
contain in aggregate only 30 per cent. of the total sugar present; at the eighth- 
leaf stage the proportion has risen to 50 per cent., and when the stems are 
fully elongated they contain 70 per cent. of the total sugar; at this stage only 
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15 per cent. is found in the leaves, the remaining 15 per cent. being in the 
ears. Sugar thus increases in the stems relatively faster than in the leaves, and 
continues to rise when leaf sugar is falling. In 1935 and 1937 a maximum 
was reached about ten days later than in the leaves, but as the ears developed 
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Fic. 4. Total sugar and fructosan contents (grammes in twenty shoots) of barley stems 
during growth; 1935, 1936, and 1937. 


the sugar in the stem fell. In 1936 the sugar content of the stems continued to 
rise until the last collection, possibly as a result of removal of tillers as already 
noted. 

Rapid ear development began about four days after the beginning of stem 
elongation, accompanied by sugar accumulation in the ears. These experi- 
ments were not carried on sufficiently long enough to obtain evidence of a 
fall in sugar as the ear ripens, but it is well known that sugar ultimately de- 
creases in amount as full ripeness is reached, 
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The amount of fructosan in the leaves was always small, and frequently 
only traces were found (see Fig. 3). In both seasons there was a small 
increase during leaf development, but in 1935 fructosan subsequently almost 
disappeared, while in 1936 the fructosan content rose when the secondary 
rise in sugar occurred. In this instance conditions (i.e. the removal of some 
tillers) producing an abnormal storage of sugar resulted in an increase both 
in the amount of fructosan and in the proportion relative to total sugar. In 
the stems the amount of fructosan was slightly higher than in the leaves 
during leaf development, and stem elongation was accompanied by a marked 
rise. In 1935, at the time of maximum sugar content in the stems, 20 per cent. 
consisted of fructosan, while in 1936 the proportion rose to 50 per cent., and 
a similar proportion was found in the ears. These observations confirm the 
results of previous workers in showing that under normal conditions of 
growth there is a drift of increasing fructosan in the plant with age and an 
accumulation in the stems and ears. In addition, however, they show that 
small amounts normally occur in the leaves, but these undergo no important 
changes: fructosan does not accumulate at any stage in the leaves unless special 
environmental conditions are operative, tending to. abnormal sugar accumula- 
tion. There is also some indication that the stored fructosan is finally trans- 
located from the stems and undergoes conversion to other substances in the 
ears. 

The amounts of reducing sugar and of sucrose present during growth are 
also shown in Table II; since the amounts of free fructose and free glucose 
were throughout approximately equal, these sugars are not separately recorded. 
Where the amount of apparent sucrose determined by invertase action was 
less than the amount determined as the difference between the total increase 
on acid hydrolysis and the fructosan estimate, the lower value is given in 
Table II (see Part 1, p. 196). In these cases there is an excess of sugar pro- 
duced by acid hydrolysis whose origin cannot be defined but which probably 
arises from a fructosan containing more ‘glucose’ than the one already isolated 
(see Part 1, p. 197). This fraction is given in columns fin Table II. It must 
be emphasized that the sucrose estimates under these conditions are not very 
accurate, and are certainly too high, while those of fructosan are low. 

In the 1936 series the amount of sucrose in the leaves remained throughout 
between 50 and 60 per cent. of the total sugar, with a tendency for the propor- 
tion to fall with increasing age. In the early leaves (up to the sixth) the remain- 
ing sugar consisted of 30 per cent. fructosan and 20 per cent. reducing sugar. 
The proportion of reducing sugar rose to 35 per cent. as the last leaf expanded, 
after which the amount remained constant, and in consequence the proportion 
fell to 15 per cent. during the secondary rise in total sugar. Conversely the 
Proportion of fructosan fell at first to 15 per cent. and during stem elongation 
and ear development rose to 35 per cent. It will be seen in Table IT that the 
absolute amounts of fructosan and reducing sugar in the early leaves are both 
very small, and the changes in these sugars during leaf development are 
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relatively unimportant in relation to the total carbohydrate changes. In 1935, 
when additional nitrate was added to the plot, only traces of fructosan were 
found in the leaves, and the proportion of sucrose was correspondingly 
higher. The barley leaf, in common with other leaves, thus contains sucrose 
as the principal sugar, and changes in other sugars are of little significance. In 
the very early leaves (up to the third) it is doubtful if the presence of reducing 
sugar can be satisfactorily demonstrated at all since the amount is so small 
and interference with the estimation large (see Part 1, p. 194). 

In the stems reducing sugar and fructosan were also present in equal pro- 
portions during leaf development but to the extent of 40 per cent. each of the 
total sugar, leaving only 20 per cent. of sucrose. When stem elongation 
began there was no further increase in reducing sugar and the proportion 
fell rapidly until finally only 5 per cent. of the total was in this form, while at 
the same time fructosan increased to 50 per cent. of the total. In 1935, with 
the high nitrogen level, the amount of sugar stored in the stems was far less 
than in 1936, and at the time of the sugar maximum reducing sugars consti- 
tuted 50 per cent. of the total and fructosan 20 per cent. In the stems there- 
fore there is relatively much less sucrose than in the leaves, and the remaining 
sugar may consist either mainly of fructosan or of reducing sugar according 
to the conditions of growth. 

In the ears initially 60 per cent. of the sugar was present as fructosan and 
about 20 per cent. each of sucrose and reducing sugars. During stem elonga- 
tion reducing sugars accumulated, while the other sugars showed no material 
change, but when stem growth ceased there ensued a large increase in sucrose 
and fructosan with no further increase in reducing sugars. At this stage also, 
both in the stems and the ears, there is evidence of a relatively large increase in 
the f fraction (see Table II), and indeed, formation of any measurable quantity 
of this fraction is confined to this stage. 

It is clear from the data presented above that there is a general accumulation 
of soluble sugars in the aerial parts of the plant until stem elongation is com- 
plete. During ear development the total amount begins to decline slowly and 
there is a considerable transference from stems to ears. This decline may be 
delayed, as in the 1936 experiment, by special external conditions limiting 
sugar utilization. The ratio of total sugar in the leaves to that in the stems is 
at first high and remains greater than unity until the eighth leaf is emerging. 
As the stem elongates the ratio gradually falls until finally 70 per cent. of the 
sugar is present in the stems. Up to the eighth-leaf stage sucrose is present 
to a greater extent than other sugars, but as sugar storage in the stems pror 
ceeds the proportion falls until reducing sugar, fructosan, and sucrose are each 
present to approximately equal extents. Finally, when stem growth ceases 
and excess of fructosan over sucrose is stored the percentage of sucrose falls 
to 25 per cent. and that of fructosan rises to 50 per cent. This general drift 
is in accordance with the view that sucrose is exported from the leaves and at 
some stage in translocation is hydrolysed to reducing sugars. If these sugars 
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are not at once used for purposes of synthesis they undergo slow conversion to 
fructosan. Moreover, it appears that fructosan formation is especially favoured 
by conditions which delay the utilization in further growth of temporary 
stores of sugar, as, for example, by tiller removal. The distribution of reducing 
sugars, sucrose, and fructosan in leaves, stems, and ears in terms of percentage 
of sugar present is shown in Fig. 5. 


Sugar content of successive internodes of the stem. 


In 1936, after the emergence of the last leaf, ears, peduncles, ear sheaths, and 
the two uppermost internodes of the stem were separately analysed and the 
lower internodes taken together as a group. The results are shown in 
Table III and in Figs. 6 and 7. The lower internodes consisted of two 
(occasionally three) élongated internodes (3 and 4) and a small proportion 
representing the remaining internodes. In Fig. 6 the values given for 
average of ‘internodes 3 and 4’ represent half those obtained for the whole 
lower group. Throughout the observed period there was a continuous in- 
crease in sugar concentration in each internode, including the peduncle. 
Concentration in the ear sheath fluctuated but showed no definite trend, and 
in the ear there was a tendency for concentration to fall. As the last two inter- 
nodes developed a gradient of increasing concentration was established from 
apex to base, but subsequently storage of sugar was relatively greater in the 
upper internodes (1 and 2) and the maximum concentration shifted to inter- 
node 2. At the last collection the concentrations in internodes 2, 3, and 4 were 
above 10 per cent. of the fresh weight, or 30 per cent. of the dry weight. A 
similar trend of sugar was found by Went (1898) in the internodes of the sugar 
cane, but in this case the falling concentration of reducing sugar from apex to 
base was accompanied by a rising concentration of sucrose alone. The con- 
centrations of total sugar reached at the base of the barley stem were actually 
as high as those recorded by Went for the sugar cane, 

If the total amount. of sugar per internode be considered (Table ITI) it is 
found that during rapid stem elongation the amount of sugar in each inter- 
node is approximately equal, but as the upper internodes reach their maximum 
size the amount of sugar present falls from apex to base of the stem in con- 
trast with the concentration gradient. It has already been noted that the upper 
internodes are large in comparison with the rather woody ones towards the 
base, and it is evident that the rather high concentration developed in the 
lower internodes is due not only to sugar storage but to water loss, as is shown 
by the falling fresh weights in F ig. 2. Thus on July 10, 50 per cent. of the 
sugar was stored in internodes 1 and 2, although concentration was then 
highest at the base, and at the end of July, when the maximum concentration 
was in internode 2, 63 per cent. of the sugar was in the two uppermost inter- 
nodes. 

The gradient of reducing sugar concentration was opposite to that of total 
sugar, while that of fructosan and of sucrose was similar. Owing to the 
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Leave 
70 ; e Sucrose 
x Fructosan 
60 ° Reducing Sugars 


Percentage of the total sugar in Leaves, stems or ears 


) May June July 


Fic. 5. Fructosan, sucrose, and reducing sugar contents (as percentage of the 
total sugar) in barley leaves, stems, and ears during growth; 1936. 
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diminishing size of the internodes from apex to base, the amounts of reducing 
sugar will, of course, also be least at the base. The amount of fructosan rises in 
the lower during growth of the upper internodes, which in conjunction with 


ST Total Sugar 
FR Fructosan 
4- S$ Sucrose 
SR Reducing Sugar 


ST 


Internode 1 Internode 2 
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a0) 
Averaae of 
peenaede 3 and 4 LY 
(see Fig.2 ) 


Fic. 6. Total sugar, fructosan, sucrose, and reducing sugar contents (grammes in twenty 
shoots) of ear sheaths and internodes of the stems of barley during growth; 1936. (See 
Note to Fig. 2.) 
the falling reducing sugar content is in agreement with the view already 
expressed that reducing sugar is converted to fructosan. When all the inter- 
nodes are fully elongated increase in reducing sugar and in sucrose ceases, and 
the whole increase in sugar is due to fructosan, so that finally 70 per cent. of 
the sugar at the base is in this form. In internode 2 the same drift in sugars 
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occurs but a little later, and again 70 per cent. of the sugars is stored as fructo- 
san. In internode 1 the amount of fructosan reached 56 per cent. of the total 
Sugar, there being a higher proportion of sucrose in this case, and similar pro- 
portions are found in the peduncle. In the ear sheath relatively large amounts 


St Total Sugar 

FR Fructosan 

Ss Sucrose 

SR Reducing sugar 


9 Ears 
Oo (with awns) 
NI 
ior? 
‘e 
e 
Oo 


Peduncles 
ST 


June July 


Fic. 7. Total sugar, fructosan, sucrose, and reducing sugar contents (grammes in twenty 
shoots) of barley ears (with awns) and peduncles during growth; 1936. 


of fructosan are present at first, but after its growth has ceased there is a con- 
tinuous loss of sugar, mainly fructosan and reducing sugar, little change being 
observed in sucrose. During growth of the sheath, therefore, sugar is stored 
to some extent, and later presumably this sugar forms a source of supply for 
the ear during the early stages of development. This loss of fructosan from 
the ear sheath, together with the high proportion found in the peduncle, 
makes it almost certain that stored fructosan is readily utilized again at the 
growing-points, although in this series of analyses it was not possible to demon- 
strate loss of fructosan from the internodes of the stem itself as the experi- 
ments were not sufficiently prolonged (see Figs. 6 and 7). 


Effect of defoliation and ear removal on the sugar content. 

The sugar content of samples after defoliation and ear removal is shown in 
Table III. In the defoliated plants all the soluble sugar including fructosan 
disappeared from the stems within a week. When the restricted growth of the 
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upper internodes ceased there followed a small increase in sucrose, but no 
evidence was obtained of any formation of fructosan. In the ears accumulation 
of sugars was reduced almost to zero, and no fructosan appeared. The trans-. 
located sugar was therefore insufficient to supply the demands of protein and 
polysaccharide synthesis, resulting in the absence of residual free sugar and 
in restricted growth as compared with the controls. Ear removal conversely 
resulted at first in a general increase in sugar content over that of the controls. 
Subsequently, when the growth in the mutilated shoots ceased the sugar con- 
tent of the fully grown control plants reached the same high level. In both 
leaves and stems the increase was due to fructosan and sucrose, there being no 
change in reducing sugars. The effect of ear removal on the fructosan and 
sucrose contents of the separate internodes of the stem is shown in Fig. 8. It 
will be seen that in both treated and control plants approximately equal 
amounts of sucrose and fructosan are produced in each series while the inter- 
nodes are still extending. When extension is complete there follows at once an 
accumulation of fructosan and only little further increase of sucrose. The 
retardation of growth following ear removal thus accelerates the process of 
fructosan storage, and as the upper internodes are considerably smaller than 
those of the controls (see Fig. 2) higher concentrations (up to 14 per cent. fresh 
weight) are reached in the mutilated plants. In the lower internodes, which 
were already fully extended when the ears were removed, the same effect is 
seen but to a less marked degree, the bulk of the fructosan resulting from ear 
removal appearing in the two uppermost internodes. The rapid storage of 
fructosan in fully elongated internodes is again accompanied by an increase 
in the undefined f fraction. Appearance of the suggested second fructosan is 
thus related to the cessation of sucrose storage, but without a more certain 
estimate of sucrose the quantitative relationships are not very clear. 


Effect of nitrogen deficiency on the fructosan content. 


It is well known that in general nitrogen deficiency results in an increase in 
the concentration of soluble sugars, and this effect has been clearly shown for 
barley leaves by Gregory and Baptiste (1936) and Gregory and Sen (1937). 
Their analyses were made on solutions prepared from alcoholic extractions 
and would therefore include only a small part of any fructosan present. 
Evidence has now been obtained that an important effect of this deficiency is 
an increase in fructosan content as well as in the other soluble sugars, and 
that in leaves normally containing only traces of fructosan nitrogen deficiency 
may result in an accumulation of considerable amounts of this sugar. This 
relationship was first suggested by the remarkably low fructosan content of 
plants grown in soil which had received a large dressing of nitrate, and has 
now been confirmed by two series of analyses, one on plants grown in soil, 
and one with sand cultures. The details of collection and sampling of these 
plants are described in Part 1, p. 184, and the results obtained are presented 
below in Tables IV and V. These figures confirm the observations of Gregory 
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TaBLe IV 
Reducing Sugar, Fructosan, and Sucrose Contents of Barley Leaves and Stems 
from Plants grown in Soil and receiving Dressings of N, P and K, and NPK. 


Results are means of duplicate analyses and expressed as percentage of the fresh weight. 


Leaves. Stems. 
Date of a a ey (eS SS SS 
collection control. K. PP. N. NPK. control K. P. N. =NPK. 


Reducing sugars 


6/6/35 069 60°48 0°48 090 0-71 061 058 o-60 1:02 0°87 
25/6/35 1°24 1'00 1:20 0°56 0°89 1325510:5381 35 l-7 ola 4 
9/7/35 O91 1:00 0°85 1°16 1:06 1:04 1°34 1°49 1°66 1°93 
Average 0795 0°83 0:84 0°87 0-89 0°99 0°92 I'I5 1°49 1°38 
Fructosan 
6/6/35 2°34 2°73 211 1°42 0°93 2°51 1°99 2°34 1°64 1°25 
25/6/35 0°69 «40—0°93 O81 O31 0°28 2°36 «81°95 2°67 1°38 = 1°95 
9/7/35 O12 0°00 OI 0°00 oOr12 T16 2°28 52-45" 1-66" 3-22 
Average 105 «61'22 1:05 O58 0°44 201 2:07 2:49) 1°56) 1°47 
Sucrose 
6/6/35 0:96 0:92 0°73 0°76 90°74 0°67 O91 1°35 IOI 0-99 
25/6/35 066 0:94 080 0-40 0-77 0°93. 1:00 O'91 0°79 0°63 
9/7/35 OF 3m LAs L126 1e4 Set -O2 165 1°80 1°74 1°71 1-62 
Average 0°78 0-76 0°88 087 1:04 5°08. 1°23 1°33 1:17>— 1-68 
TABLE V 


Reducing Sugar, Fructosan, and Sucrose Contents of Barley Leaves, Stems, and 
Ears from Plants grown in Sand and receiving Nitrogen-deficient Dressings (see 
Part 1, p. 185). 


Results are means of duplicate analyses and expressed as percentage of the fresh weight. 


Leaves. Stems. Ears. 
Daterof a) =e aie aan eee Sea 
collection. control. —N. control. —N. control. —N. 


Reducing sugars 


8/7/37 0°53. 0°35 0°94 0°47 056 = 0-78 
15/7/37 0°94 41 104 061 2°40 204 
26/7/37 O-41 0°39 oo 0°32 1°65 1-23 
Average 0°63 0°38 0:96 =—-0"47 1°54 1°35 

Fructosan 

8/7/37 O16" 3-78 0°30 = 490 211 4°39 
15/7/37 909 = 103 O51 = 320 2°98 = 1°39 
26/7/37 o14 0°66 O50 4°04 1°56 1°64 
Average O13 Ils 0°43 4°03 2522 2°47 

Sucrose 

SST) “Elo mayro3 OS 719. O72 0°88 = 074 
5) Tigra) O33 ad SE O:34 6 E533 1031s 
26/7/37 o-77 IIo L'Ol 73 1°20 1°09 


Average 0'73 1°51 0°64. 1°26 1°03 0'99 
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(loc. cit.) for barley leaves that a low level of nitrogen manuring not only 
raises the level of total sugar but also raises the ratio of sucrose to reducing 
sugar. Further, it is now shown that this same effect extends to the stems, and 
there is an additional increase of fructosan. Lowering the nitrogen level thus 
appears to exert a dual effect: first, it produces an increase in the level of 
soluble sugars, presumably owing to the shortage of nitrogen for protein 
synthesis, and secondly, an alteration of the relative amounts of the different 
sugars present in the direction of less reducing sugar and more sucrose and 
fructosan. The effect on the fructosan content is apparent in both the plants 
grown in soil and those grown in sand, but the alteration of the ratio of sucrose 
to reducing gugar was not apparent in the soil cultures grown at Slough 
(Table IV). In the plants grown at Rothamsted in soil, however, the level of 
reducing sugar in both leaves and stems was very high in 1935, when the 
nitrate dressing was given, while in 1936, in the absence of added nitrate, the 
reducing sugar level was low throughout, although the total sugar stored was 
greater than in 1935 (see Table IT). 

Analysis of the ears from the sand-culture experiment brought out the 
interesting point that the composition of the ears with respect to sugar content 
was little affected by the treatment. 


Seasonal drift of dry weight, and water-insoluble material of leaves, stems, and 
ears. 


The fresh weights, dry weights, and material insoluble in water and 
95 per cent. alcohol are shown in Table VI in terms of the weight of each 
fraction in twenty shoots. In the leaves, dry weight and insoluble material 
both increase during leaf development, and the proportion of insoluble 
material rises a little from 55 to 65 per cent. of the dry weight. Following full 
expansion of the last leaf, the amounts remain constant for a short time and 
then fall slowly, and the proportion of insoluble material tends again to fall. 
The general drift is thus similar to that described for total sugar. In terms of 
concentration there is a rather marked rise after stem elongation is complete, 
but the figures of Table VI, calculated in terms of weight per shoot, show that 
this rise is due to water loss and not to increasing dry weight. 

In the stems dry weight and insoluble material rise continuously until 
stem elongation is complete, and again there is little variation in the ratio of 
the two quantities. The value in the stems increases from 60 to 70 per cent., 
and is thus somewhat higher than in the leaves. It seems likely that the 
maximum value for the insoluble fraction was reached about July ro, in spite 
of the rather high value recorded for the final collection on July 27. In the 
ears dry weight and insoluble material also rose continuously, the proportion 
of insoluble material being about 70 per cent.; in this case starch present will 
be included in the insoluble fraction. 

The effect of defoliation and ear removal on the dry weights and insoluble 
material is shown in Table VII. In the defoliated samples dry weight of the 


46-2 Lg-gr 92S gb.iz o€.1€ g3rg 6O.r rrgz gS.b tele 2b LLIt 
46.0 €zbr LEE Sz.gt €6.zz~ Log LE.2z Sloz SL 6L1z 19.4€ 6.£01 
= er-Il = “ig-cr  gf.S1. 6.58 69.£° 00.67 So.9 zz.0z +¥£.+£ I.QII 
brer €€.6 Lz Lg.or Sz.S1 6.S¢ rg.¢ of.0¢ €0.$ Lz1z of.z2€ L.S11 
ogo £€€.4 10.2% Sf.g LS.11 6.€b $$.r 2zo.6r 19.6 61.02 +¥£.6z £.€€1 
£€.0 SS.b 0.1 giS zl 6.8% Sor 6¢.$r 69.€ Sb.g1 Sobz o.111 
$0.0 96€ L9.0 184 2.9 S.6% 0f.0 gtr gz 61.S1 gf€.0z 1.€11 
£10 goz ho gfc LbE zt to ol.1r 2.2 oF.zI 16.91 9.66. 
ZE.0 gl.0 §€S.0 66.0 o1.2 9.01 of.0 62-01 S£.% OI-11 gz.gr 1.86 
§0:0 0f.0 L1.0 29.0 Brest Sale es — — — 67z.S1 S.z6 
= is = “F060 = ¥.£ 02.0 zo-4 60.2% 12.9 ; £9.11 0.SZL 
pe oe = a = 9-1 00.0 #9. ¥L.1 39.9 £3.6 0.2 
—_ = —— cs — 0:08 00:08 C&- Fame VL: On 1LO-F 1z.L 0.£9 
foam. — —— ee = — 00.0 62€ +£€.1 6g.£ L6.S o.S 
aes — pila = — — I&0 96.4 z.1 oF.z 66.€ S.S€ 
oes = — = aa i OOSOm ate i 1o.r 8.1 69.2 0.bz 
— — == = — — 90:0 £90 9F.0 9g.0 Ib.I 26.21 
pe a a —— = — 10-0 0£.0 02.0 9gF.0 oL.0 SE.9 

= se: —— <= = — £0.0 60.0 01.0 §S1.0 gz.0 LE.z 

‘A Be “$ UU Md ‘MH A x 8 teh AG Aa f 
n = =) ay 


‘sIeq *SUIa}S 


((X puv x suunjos 


bL.r Lz.G gt.€ 68.9 
o¢.r Ib-G $6.2 $b.9 
(ase AGies shia? (eae) 


— tlgo — oLLf 
64.1 £9:9 ¥6.€ og.L 
== {ee feo, 


09-1 A&9.9 8ES.6 SibeL 
oh-I rz. 60.€ L6.S 
tg-r tbL Li.v 62.3 
— 924 VL.1 20g 
6S.0 #P. gf.% gb.g 
Go.r O€.% £9.% $9.8 
Ig.0 S9.€ Sbv.z o€.$ 
€Z.0 o1-€ 12.2 &S.¥ 
49:0 S9.r Z1.% gi.€ 
oS.0 tz.r 6.1 SE€.z 
Z£.0 $9.0 O%.1 69.1 
91-0 GS&.0 09.0 Zo.I 
60:0 £r.0 gz.o S£.o 


Oe oes YW 


SdAbaT 


ge.11 
19.01 
oS.£1 
So.£1 
L9.z1 
life sert 
gl.11 
£9.6 
gf. €1 
€L.01 
$8.6 
Zv.6 
SL.9 
S9.Z 
96.S 
o1.t 
Sees 
19.1 
$9.0 


Sat Ste 
je Soe 
S.LS 
g-.L¥ 
S.6S 
v.0$ 
v.S¢ 
G.0$ 
8-94 
Z.9S 
0.9S 
o0.FS$ 
0.0S 
o.S¢ 
G.S€ 
0.Lz 
09.1% 
ZO.Z1 
gt.t 


$6.98 
$1.99 
zg.£9 
09.09 
gS.eS 
$6.b+ 
gf.ge 
10.0€ 
PL.1E 
Sz.Lz 
89-12 
Sz.61 
96.S1 
Zg.€1 
$6.6 

62.9 

91.4 

18.z 

16.0 


0.££2 
0.661 
S.1€z 
£.ggt 
9-9£2% 
€.Lg1 
6.L61 
£.L91 
S.zg1 
0.9SI 
V.SEr 
O.0£1 
o.SII 
0.001 
‘oars, 
0.1$ 
S.vEe 
£.g1 
Sale 


Se 


eT 


*sjOoYs sou, 


L/Lz 
L/1z 
L/L 
L/¥1 
L/ox 
L/9 
L/e 
L£/1 
9/62 
9/92 
g/vz 
g/zz 
9/61 
9/91 
9/6 
g/t 
S/gz 
$/61 
S/zr 
“gf61 


‘21eq 


Suruww7go fo poyzau sof 3x0 aag) *(X) uorrsodwor umouyur fo jouaynyy ayqnjog fo puv “( X) sapruvysovsdjog ajqnjosuy fo aypwuaysy 
‘(s) sanding unys 43420 pousaioyy qos “(y) 104021} 729 42d $6 puv sav44 PIO) ut apqnjosus qouuaroyy “(“y'q) Sem Mag “CALA 
7Y Hay Ysa4T “Y3M045) Surunp Kaqang fo seoq puv ‘sayy ‘saava'T ut sapsng aqqnjog unyy 4ay10 Ssapviphyoqgiv’), fo uorngrajsigy ay J, 


IA FTaV I, 


Archbold—Physiological Studies in Plant Nutrition. VII 425 


stems continued to increase, but very slowly. There must thus have been 
either translocation of dry matter from the roots or some photosynthetic 
activity in the stem itself. In the last two samples (14/7 and 17/7) the values 
of both dry weight and insoluble material were particularly high, and there 
was a sudden increase in the dry weight of the ear at the same time. This 
increase was associated with a rapid emergence of the ears after an apparently 
static period following the defoliation. On 17/7 the dry weight of the ears 
was about half that of the control plants. 


TasBLe VII 


Dry Weight (D.W.) and Material Insoluble in 95 per cent. Alcohol and Water 
(R) in Barley Plants. F, Plants defoliated 24/6/36; E, Ears removed 29/6/36. 
(Control Samples in Table VI.) 


All results stated as gm. per 20 shoots. 


Leaves. Stems. Ears. 
Date et ESE PE a Ae I eR ne Sane De 

1936 E. F. 1, F. 
DVR: D.W. R. DW. R. D.W. Re 
20) Olen : —— — 12,758 O139 — — 112 0:60 
20/0 9: , — — 12°26 =6. 9:88 — — 1:1 2O 71 
Gf e 5 ieee = @eye £342) 10'S 21°43 16°09 2:06 1237) 
7 alex a Tey. hg] 12°85 9°67 2A el 220 2°00 1°90 
(6/7 ees ee 2-03 007-76 03) 7 eee 3S 26:63 16°79 2°75 1‘60 
10/7 5. Wieetekss — feloye) 15°45 10°65 23:O5melOzIs 3 ATT 
14/7. 2) 12°80) 95:00 18°80 13°56 32:00 mn L.c07 7°09 5719 
tian fs pau d34) 90:00 Ly ieee Ake 2055 cee 1 5°OS E755 eau O 
21/7 ~ - 13°25 7°94 = 36°37 22°14 ot ~~ 
27) Te 3 - 12°69 7°46 ie ma 35°47 21°24 = = 


Ear removal resulted at first in little change in the dry weight of the leaves, 
but appeared to check the fall noted later in the control plants. In the stems 
there was a relatively large increase in dry weight, all in soluble material. 
The insoluble fraction in fact tended to be lower than in the controls, and it is 
therefore concluded that the restriction of growth inhibits the formation of 
polysaccharides and that soluble sugars delivered from the leaves accumulate 
instead. 


Relationship of sugar content to total carbohydrate. 


The insoluble fraction discussed above will consist in the main of structural 
carbohydrates and proteins. It has been possible to make an approximate 
estimate of the protein present from records (unpublished) of the nitrogen 
and ash contents of barley leaves, stems, and ears collected by Gregory 
during four seasons from plants grown in soil. By subtracting these estimates 
from the figures of column R, a measure of polysaccharide has been obtained 
and is entered in columns X in Table VI. Variations in this fraction are 
discussed below, together with those of the soluble carbohydrates. 
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Little attention has hitherto been paid to quantitative exchanges in soluble 
material other than sugar, and in a few instances organic acids, during the 
growth of plants. Barnell (1936) determined the seasonal drift of alcohol- 
soluble material in winter wheat. He found that sugar formed less than half 
of the soluble fraction and that the general drift of the undefined portion was 
similar to that of sugar. From the data presented here the amount of water- 
and alcohol-insoluble material, other than sugar, has been found as the diffe- 
rence between the total dry weight values and the sum of the insoluble 
material and the total sugar (Table II) for the 1936 series, and is entered in 
columns s in Table VI. These observations, which are of a preliminary 
nature, have been made so that changes in this fraction possibly associated 
with sugar changes should not be overlooked. Since this fraction will include 
fats, mineral constituents, and soluble nitrogenous compounds, an attempt 
has been made to allow for these substances. Fats have been determined in 
some of the samples as the ether-soluble fraction. The average values found 
were for the leaves 7 per cent., for stems 6 per cent., falling to 2 per cent. 
with increasing age, and for ears 4 per cent. of the dry weight. Approximate 
values for soluble nitrogen (assuming 20 per cent. of the total is soluble) and 
for ash were calculated from Gregory’s data. The residual soluble material 
remaining after subtracting these three fractions is entered in columns Y in 
Table VI. 

In the leaves the Y fraction is throughout of the same order as the total 
sugar content, and in old leaves may even be greater. The maximum amount 
was about 15 per cent. of the dry weight. In the stems there is no evidence of 
a Y fraction until rapid stem elongation begins, when it appears and reaches 
a final value equal to about one-third of the sugar content, or 10 per cent. of 
the dry weight. In the ears there is also an accumulation as growth proceeds. 

The presence in the leaves of an undefined soluble fraction equal in magni- 
tude to that of sugar, and occurring to a lesser extent in the stems, may clearly 
repay further study, especially as accumulation of this fraction runs parallel 
to that of sugar in the leaves (cf. Barnell, loc. cit.). Hydrolysis of leaf extracts 
with N acid (see Part 1, p. 194) suggests that in the leaves further carbo- 
hydrate material may be present which is not included in the present estimates , 
of soluble sugars, based on hydrolysis by N/s acid. This possibility is now 
being examined. Similar hydrolysis of stem extracts has so far failed to give 
any indication of the presence of additional carbohydrate here. It is obvious 
that the inclusion of estimates of organic acids is urgently called for. 

The very approximate nature of these estimates of undefined soluble 
material is fully realized, particularly the fact that no part of the mineral con- 
tent has been assigned to the insoluble fraction. This may be a serious omis- 
sion in view of the high percentage of silica in the ash of cereals. Such an 
allowance would, of course, merely increase the estimate of the undefined 
fraction. 

The carbohydrates accumulating during growth may thus be divided into 
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an insoluble fraction (X) (cellulose, hemicellulose, and starch if present), 
soluble sugars (S7), and part of the soluble fraction (Y). In the following 
paragraphs the term ‘carbohydrate’ is used to denote the sum of these three 
fractions. The course of change of X, Y, and Sp, is shown in Fig. 9, and 
it is abundantly evident that throughout the growth cycle the principal 
feature of carbohydrate metabolism is the synthesis of polysaccharides either 
in leaves, stems, or ears. The soluble sugars represent only a balance remain- 
ing after synthetic and translocatory activities are fulfilled and do not appear 
to exert a determining influence on these processes; the amount of sugar is 
rather determined by the rates of such processes relative to photosynthesis. 
During the period of maximum leaf development sugar only accumulates in 
the leaves in sufficient quantities to maintain a concentration of 1 to 3 per cent. 
of the fresh weight, and in the stems the concentration is still lower at this 
stage; rate of synthesis of polysaccharide in the leaves and stems therefore 
keeps pace with the sugar formation by photosynthesis. When polysaccharide 
synthesis ceases in the leaves, at the time of full expansion of the last leaf, 
relatively more sugar is translocated and accumulation begins in the stems. 
Finally, when stem growth is complete the stored sugar may increase to a 
considerable extent. As the leaves die off it is probable that the removal of 
sugar to the ear will exceed the increase in the stems and stem sugar will fall, 
but at first the demands made by the growing ear are less than the supply 
from leaves to stems. 

In the absence of analyses of the roots it is not yet possible to present a 
complete picture of the carbohydrate distribution in the barley plant. From 
the present data the distribution in leaves, stems, and ears is summarized in 
Table VIII for four stages of the growth cycle, development of leaves 1 to 5, 
development of leaves 5 to 10, stem elongation, and ear growth when stem growth 
is complete. The percentage of the total increase in carbon compounds (i.e. 
dry weight less ash) appearing as ‘carbohydrate’ isshown in the second column. 
In the first stage only 54 per cent. appears in this form, an expression also of 
the well-known fact that young plants utilize large amounts of carbon in 
protein synthesis. The proportion appearing as ‘carbohydrate’ increases at 
the later stages to g1 per cent. 

Of 2°13 gm. of ‘carbohydrate’ accumulated during development of leaves 
I to 5, 38 per cent. appears as insoluble fraction in the leaves and the remain- 
der is presumably primarily stabilized in a soluble form, largely as sugar. 
15 per cent. remains in the leaves as the Y fraction and 11 per cent. as sugar, 
while the remaining 36 per cent. is translocated and appears almost entirely 
as polysaccharide in the stems (leaf sheaths), there being only 4 per cent. af 
sugar. At this stage sugar only represents 15 per cent. of the total material 
involved in carbohydrate changes. 11°5 gm. of ‘carbohydrate’ appeared 
during the development of leaves 5 to 10, and again a very high proportion 
was polysaccharide. The proportion translocated rose to 58 per cent., of 
which 46 per cent. was synthesized to polysaccharide. During stem elongation 
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89 per cent. was translocated, growth of the leaves being nearly complete, 
and this material was divided between the stems and ears, 69 per cent. as 
polysaccharide and the rest as sugar, and the Y fraction. Finally when stem 
growth is complete soluble sugars become an important fraction of the 
‘carbohydrate’ increase, namely, 38 per cent. At this stage leaf dry weight 
falls so that the increase in stems and ears is 109 per cent. of the total, of which 
50 per cent. is in the stems and 59 per cent. in the ears. 


DISCUSSION 


The position of fructosan in relation to other sugars, as shown by the results 
presented here, entirely supports the view that this sugar is of secondary 
origin and arises from reducing sugars rather than directly from sucrose. 
Thus in leaves, under normal conditions of growth, fructosans are present in 
small amounts only and show no important fluctuations. When, however, 
conditions are operative which limit the demand for soluble sugars in other 
parts of the plant some accumulation of fructosan in the leaf results. Such 
conditions may be either nutritional, for example, lack of nitrogen, or may be 
produced by removal of tillers or ears from the plant. Alternatively, when 
sugar accumulation is reduced by a high level of nitrogen manuring fructosan 
is absent or only present in traces. Whether there is a diurnal fluctuation in 
fructosan content is not known, and it does not at present seem profitable to 
draw any analogy with starch in other plants. In the barley leaf, in common 
with many others, sucrose is always present in excess of all other sugars, and 
in the very early leaves it is doubtful if any other sugar is present at all. Sucrose 
changes in the leaf are thus always dominant, and changes in fructosan and 
reducing sugar relatively small. 

Since the principal sugar stabilized in the leaves is sucrose, it seems reason- 
able to accept the view of Mason and Maskell (1928) that whatever the first 
sugar of photosynthesis may be, sucrose is initially translocated from the leaf 
parenchyma. It has been found that the barley leaf contains a highly active 
water-soluble invertase, and therefore inversion of sucrose may well begin in 
the leaf itself and a mixture of sucrose and reducing sugar be delivered to the 
stems. If this were the only change in sugar not utilized at once for poly- 
saccharide synthesis, an increasing concentration of reducing sugar from apex 
to base would result, while actually the reverse is found. There is, however, 
an increasing concentration of both sucrose and fructosan from apex to base, 
suggesting that fructosan is produced from inverted sucrose. During the 
growth of any internode sugar is supplied by the leaf attached to the node 
above and by parts of the stem abeve, and fructosan, sucrose, and reducing 
sugars all increase. When growth ceases and the attendant leaf begins to die 
the sugar now supplied only by the parts of the stem above is stored solely as 
fructosan. During this process of translocation from the stem above, there- 
fore, sugar is all converted to fructosan. If the upper leaves remain green for 
some time after stem elongation is complete (as in the 1936 experiment) there 
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may be considerable storage of sugar in the stems, translocation to the ear 
being less rapid than that from the leaves. In this case the uppermost inter- 
nodes, receiving sugar direct from the remaining leaves, have the highest 
proportion of sucrose, but throughout there is a continuous increase of 
fructosan. If the leaves die off more quickly (as in 1935) a fall in sugar content 
of the stem occurs as soon as growth is complete, and the additional storage 
of fructosan is much reduced. Fructosan formation thus appears to be a 
relatively slow process undergone by temporarily immobilized sugar. 

When there is a demand for sugar at new growing-points fructosan is readily 
re-utilized as is shown by its disappearance along with other sugars in the 
defoliation experiment. The high concentration of this sugar in the peduncles 
of normal plants and its appearance in the early stages of development in the 
ear suggest that fructosan itself is translocated, and conversion to other 
substances can only take place at growing-points. The source of fructosan 
in the stems may be both the inversion products of sucrose, involving a 
conversion of glucose to fructose, or perhaps fructose remaining after utiliza- 
tion of glucose in polysaccharide synthesis, by preferential transference to ears 
or roots, or in respiration alone, acts as the precursor of fructosan. From 
considerations put forward below the utilization of fructose rather than of 
glucose in respiration appears at present the simplest hypothesis. There 
is no evidence of preferential transference of glucose to the ears, since large 
amounts of fructosans are found in both peduncles and ears; moreover, the 
greatest accumulation of fructosan in any internode occurs when its growth 
(i.e. polysaccharide synthesis) is complete. There remains the possibility of 
preferential transference of glucose to the roots. Russell (1937) has found 
that with some manurial treatments fructosan may be absent from barley 
roots, so that the possibility that sugar translocated to the roots is largely 
glucose cannot be excluded. On the whole, however, it would seem probable 
that all the sugar entering a fully grown internode may be converted to 
fructosan and that conversion of glucose to fructose does occur. 

Further consideration of the origin of fructosans and the possible inter- 
conversion of glucose and fructose must depend on a knowledge of the rela- 
tionships of the soluble sugars to the general carbohydrate metabolism. Since 
a very high proportion of the carbohydrate is present as polysaccharide (cellu- 
lose, &c.), the principal feature of that aspect of metabolism involving the 
conversion of photosynthesized sugar is obviously polysaccharide formation. 
Moreover, it is well known that in the vegetative stage of growth a large pro- 
portion of assimilated carbon is used in protein synthesis, and in formulating 
any satisfactory picture of carbohydrate changes this synthesis must be 
taken into account. In the early stages of growth the sugar concentration 1s 
low, and at first as much as 70 per cent. of the assimilated carbon may take 
part in protein formation and most of the remaining 30 per cent. in polysac- 
charide formation. As the vegetative stage nears completion the proportion 
of polysaccharide in relation to protein formed increases, and there is a small 
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increase in the soluble sugars. When organization of the stem internodes 
occurs the renewed protein metabolism is masked by the large production of 
mechanical tissue, and finally protein synthesis in the ear after fertilization is 
again overshadowed by the polysaccharide synthesis leading to the develop- 
ment of the endosperm and storage of starch. Only during the stage of ear 
development following stem elongation is there any important accumulation 
of sugar when considered in relation to the amount of polysaccharide and 
protein synthesis. It seems clear that at all stages of growth available sugar 
is used first for protein synthesis and secondly for polysaccharide synthesis, 
and that the free-sugar level at any time represents only the balance of the 
supply over the local requirements for growth purposes. Accumulation in 
the stems therefore depends on the relative rates of sugar translocation from 
the leaves and to the ears, and may be much reduced or quite suppressed by 
curtailment of the sugar supply without preventing ear development. This 
is shown in the 1935 experiment, where the leaves died rather soon, and in 
the defoliation experiment. In the former case ear development proceeded 
normally, with rapid depletion of the stem sugar, and in the latter both 
stems and ears maintained a restricted growth in the virtual absence of free 
sugar. The synthesis of polysaccharide in the stems and ears was thus in no 
sense dependent on accumulation of any critical concentration of sugar in the 
stem. If, on the other hand, the demand for sugar is cut off by removal of the 
ears, since photosynthesis is not prevented there is an immediate increase 
of sugar in the leaves themselves, and more particularly in the stems, and a 
large part of this immobilized sugar is fructosan. 

In addition to producing a large increase in soluble sugar, ear removal led to 
reduced stem growth (i.e. polysaccharide synthesis), while vegetative growth 
was renewed by a fresh production of tillers. One factor controlling the poly- 
saccharide formation associated with stem elongation may thus be the pre- 
sence of a regulating substance produced in the ears, and in its absence there 
is a reversion to vegetative growth. Stem growth may therefore occur in the 
absence of stored sugar, as in the defoliated plants, and may be inhibited in the 
presence of large amounts of sugar as after ear removal. It is once more 
evident that different sugar-levels are only the result of variation in the 
relation of sugar supply to protein and polysaccharide synthesis. High sugar- 
levels produced by restriction of these activities favour the formation of 
fructosans. 

From the chemical point of view it is not yet possible to form a clear-cut 
picture of the interrelationships of glucose and fructose, but such conclusions 
as can be drawn from the present data on the whole support the view that if 
sucrose is the starting-point for synthesis, some conversion of fructose to 
glucose must occur at least in the stems.. If, over any given period, increase 
of polysaccharide, free glucose, and glucose combined as sucrose be taken 
as a measure of the amount of glucose involved in metabolism, it follows that 
an equal amount of fructose must have been used either in respiration or 
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in synthesis, if no conversion to glucose occurs. Assuming that carbon 
compounds not specified as ‘glucose’ are derived from fructose, a minimum 
value for the amount of fructose which would have to be respired can be 
found as the difference between twice the ‘glucose’ and the total increase 
in dry matter (less ash), and a maximum estimate by assuming that fructose 
does not take part in synthesis and only appears as fructosan, free fructose, 
or combined in sucrose. From the data of Table II such calculations 
have been made for the leaves and stems for the four intervals given in 
Table VIII, using the appropriate hours of darkness for each period. In the 
leaves the limits calculated as CO, were 0:30 and 0-76 mg. per gm. fresh weight 
per hour. Gregory and Baptiste (1936) quote an average rate of respiration of 
0°50 mg. per gm. fresh weight per hour. In leaves therefore no conversion 
of fructose to glucose is necessary to account for the production of polysac- 
charide, provided fructose is the sole source of carbon for respiration and 
contributes largely, if not entirely, to the synthesis of proteins, fats, &c. In the 
stems the limits were 0-54 and 2-00 mg. per gm. fresh weight per hour. These 
values are too high to be acceptable and in addition would require a loss in 
respiration of nearly half the dry-weight increase. In the stems, therefore, con- 
version of fructose to glucose seems essential, unless at the stage of active 
stem growth fructose and not glucose is preferentially translocated to the 
roots, a possibility which, it has already been pointed out, is unlikely. 

The general conclusion to be drawn seems to be that conversion of fructose 
(produced from inverted sucrose) into glucose may occur at the seat of rapid 
polysaccharide synthesis, that is, at points of active growth, whereas, when 
sugar is stored in tissues which are not growing there is a tendency for the 
process to be reversed and glucose to be converted to fructose (or fructosan). 
Without definite evidence that fructose is actually used in protein synthesis 
and as the chief respiratory substrate such a conclusion must be regarded as 
very tentative, since many cases are known of the ready utilization of 
fructose in starch formation, and it may also be the precursor of cellulose 
complexes (Butlin 1936). It cannot therefore be assumed that fructose is 
not used in polysaccharide synthesis while glucose is respired. 


SUMMARY 


1. The seasonal drift of fructosan, sucrose, and reducing sugars in the 
leaves, stems, and ears of barley plants grown in soil were studied during two 
seasons, together with the effect of defoliation, ear removal, and of nitrogen 
deficiency on the sugar content. 

2. In the leaves sucrose was throughout the predominant sugar, and reduc- 
ing sugars and fructosan showed no important changes. Sugar content of the 
leaves rose until the last leaf expanded, and fell slowly during stem elongation 
and ear development. ; 

3. Fructosans were always present, though in small amounts, in leaves of 
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plants grown under normal conditions. Removal of some tillers or of the ears, 
resulted in an increase in fructosan, as also did nitrogen deficiency, while a 
high level of nitrogen reduced fructosan formation. It is concluded that 
fructosans are of secondary origin in the leaves and arise when the demand 
for soluble sugars in other parts of the plant is reduced. 

4. In the stems the proportion of sucrose was lower and of fructosan and 
reducing sugar higher than in the leaves. There was a fall in reducing-sugar 
concentration and a rise in sucrose and fructosan concentration from apex to 
base ; fructosan therefore appears to be formed from reducing sugar produced 
by inverting sucrose and accumulates in the stems as growth is completed. 

5. The greatest accumulation of fructosan in any internode of the stem 
occurs after its growth has ceased, and it therefore seems improbable that 
fructosans arise as a result of fructose condensation alone, the glucose being 
simultaneously used for polysaccharide synthesis. The possible accumulation 
of fructosans as a result of preferential translocation of glucose away or loss 
of glucose in respiration is discussed. It appears most likely that fructosans 
are formed from invert sugar and require a conversion of glucose to fructose. 

6. Defoliation resulted in an immediate loss of all the sugar in the stem, 
but restricted growth of both stem and ear continued. Ear removal also 
resulted in restricted growth of the stem and a considerable accumulation of 
soluble sugars, particularly of fructosan. Sugar-level thus exerts no simple 
determining influence on polysaccharide formation in the stem, but is rather 
the result of restriction of growth by other causes. 

7. High concentration of fructosans occur in the peduncles and in the 
young ears; these sugars therefore are translocated to the ear and only re- 
utilized at active seats of polysaccharide synthesis. 

8. The relation of soluble sugars to total carbohydrate metabolism is dis- 
cussed, and it is suggested that if the starting-point of polysaccharide syn- 
thesis be sucrose, in the leaves no conversion of fructose to glucose need be 
postulated to account for the cellulose, &c., formed, provided fructose is 
the source of carbon for respiration and the synthesis of proteins, &c. In the 
stems, however, such a conversion is necessary to account for the formation 
of the large amount of mechanical tissue, unless there is translocation of 
excess fructose to the roots. Since fructosans are not always found in roots 
this hypothesis is considered as unlikely. 

g. It is concluded that fructosan formation is a relatively slow process 
undergone by temporarily immobilized sugar and that its formation probably 
necessitates a conversion of glucose to fructose. On the other hand, when the 
demand for sugar is renewed at active growing-points the reverse change of 
fructose to glucose occurs, after translocation of the fructosan to the growing- 
point. 

ro. It is shown that in the leaves the amount of undefined water- and 
alcohol-soluble material equals that of total sugar, and in general fluctuates 
in the same way. Part at least of this material yields reducing sugar on 
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hydrolysis with strong (N) acid. In the stems the amount undefined is much 
less, and no evidence of a further source of sugar was found. 


The author has pleasure in expressing her thanks to Dr. R. S. Russell and 
Mr. R. V. Martin for help with some of the sugar analyses; to Mr. F. J. 
Richards and Mr. A. T. Legg for invaluable assistance in planting and samp- 
ling the crops, and especially to Professor F. G. Gregory for permission to use 
some of his unpublished results and for his ready help in discussion at all 
stages of the work. 


LITERATURE CITED 


ARCHBOLD, H. K., 1938: Physiological Studies in Plant Nutrition. VII. The Role of F ructo- 
sans in the Carbohydrate Metabolism of the Barley Plant, 1. Materials used and Methods 
of Sugar Analysis employed. Ann. Bot., N.S., ii. 183. 

ARCHBOLD, H. K., and Barter, A. M., 1935: A Fructose Anhydride from the Leaves of the 
Barley Plant. Biochem. Journ., xxix. 2689. 

BarnELL, H. R.,.1936: Seasonal Changes in the Carbohydrates of the Wheat Plant. New 
Phyt., xxxv. 229. 

Be.va, H., 1924: La Genése de l’amidon dans les céréales. Rev. Gen. Bot., xxxvi. 308. 

BuTLIN, K. R., 1936: The Biochemical Activities of the Acetic Acid Bacteria. Dept. Sci. and 
Ind. Res. Chemistry Research. Special Report. No. 2. 

Co.in, H., 1925: La Genése des lévulosanes chez les végétaux. Bull. Soc. Chim. Biol., 
vil. 173. 

DE CuGnac, A., 1931: Les Glucides des graminées. Importance de fructoholosides. Bull. 
Soc. Chim. Biol., xiii. 125. 

Grecory, F. G., and Baptiste, E. C. D., 1936: Physiological Studies in Plant Nutrition. V. 
Carbohydrate Metabolism in relation to Nutrient Deficiency and to Age in Leaves of 
Barley. Ann. Bot., 1. 579. 

Grecory, F. G., and Sen, P. K., 1937: Physiological Studies in Plant Nutrition. VI. The 
Relation of Respiration Rate to the Carbohydrate and Nitrogen Metabolism of the 
Barley Leaf as determined by Nitrogen and Potassium Deficiency. Ann. Bot., N.S., i. 

21. 

eee A., and Keretoviscu, V. L., 1934: Fructose and Fructosides in Plant Metabolism. 
(Sci. Inst. Cereal Res. Moscow, xiii. 56.) Brit. Chem. Absts., 1935. 

Mason, T. G., and Maske Lt, E. J., 1928: Studies on the Transport of Carbohydrates in the 
Cotton Plant. I. A Study of the Diurnal Variation in the Carbohydrates of Leaf, Bark, 
and Wood, and the Effects of Ringing. Ann. Bot., xlii. 571. 

Montz, A., 1878: Chimie Végétale. Sur la maturation de la graine du seigle. Comptes 
Rendus, Ixxxvii. 679. 

Norman, A. G., 1936: The Composition of Forage Crops. I. Rye Grass (Western Wolths). 
Biochem. Journ., xxx. 1354. 

Russz.i, R. S., 1937: The Effect of Mineral Nutrition on the Carbohydrate Metabolism in 
Barley. Ph.D. Thesis, Univ. of London. 

TanreT, C., 1891: Sur la lévosine, nouveau principe immediat des céréales. Comptes 
Rendus, cxii. 293. 

WENnDER, N., 1919: Arzneipflanzen als Ersatzmittel. Chem. Central, xi. 68. 

Went, F. A. F. C., 1898: Chemisch-physiologische Untersuchungen tiber das Zuckerrohr. 
Jahrb. Wiss. Bot., xxxi. 289 (quoted by Onslow, Principles of Plant Biochemistry). 


f 
4 


a kid + adsi antivo 
| beaten ih else wr be | elas arativen 
lane segue cstit 1h sorted sie ge shot ated .¥ se 

+ satuceitne oidculeverimtgy? (0 xdd bee als 


oe"y 


a ry WW 
teed 4 meee CAT ws 7] ‘Clinacpeianacpahsa rari chad 


it 2026 sat iseris tai cinemas 4 
re seo oul ecg 


A‘ Tritt 4 
' 


A Comparative Physiological Study of Sugar-beet and 
Mangold with respect to Growth and Sugar Accumulation 


I. Growth Analysis of the Crop in the Field 
BY 
D. J. WATSON 
AND 


E. C. D. BAPTISTE 


(From Rothamsted Experimental Station and the Research Institute of Plant Physiology, Imperial 
College of Science, London) 


With fourteen Figures in the Text 


PAGE 

INTRODUCTION : : : : ‘ : ; : : : : a op efel 

ARRANGEMENT OF EXPERIMENTAL PLOTS. 2 , 3 E ‘ k - 439 

METHODS : : : : é : : : : : - 440 

1. Sampling peccedee : : : : 3 ‘ 2 : a440 

2. Observations made on the ee ; é : : - 441 

3. Measurements of rates of leaf production and leak doth : : . i LOR 
RESULTS 

1. Method of statistical analysis . : : ; : ‘ : c er 443 

2. Changes in dry weight . : : : 3 : ‘ : 3 EAA 

(a) Total dry weight é : : : é : A : : AAS 

(6) Dry weight of leaf lamina . : ; : ; F : : - wits} 

(c) Dry weight of petiole . : : i : ‘ : : : - 448 

(2) Dry weight of root. : , : : ; , ‘ - 449 

(e) Summary of dry weight ehnnces 6 : : : ; : : - 449 

3. Changes in water content 4 : ? F ; 5: ; ; AAG 

(a) Variation during the day . F é ; ; : ‘ ; TAS? 

(6) Variation between sampling times , : : ; ; . AS 

4. Changes in leaf number . : ‘ . : F : ; : . 456 

(a) Number of leaves per plant . 5 : : ‘ ‘ ; ‘ 450 

(6) Rate of leaf production ; : , : : ‘ : , a4 s56 

(c) Death rate of leaves. : ; ; , ; : e402 

(d) Number of axillary leaves per oyalen: : : : : ‘ : . 464 

(e) Mean dry weight of lamina per leaf 3 ‘ : j . : AOL 

5. Changes in leaf area : : i : : : 4 - 466 

(a) Leaf area per plant . ; : : : : : ; 2 400 

(5) Mean area of leaf lamina per patie ; : ; ; / : . 466 

(c) Leaf area per unit dry weight of lamina : : ; : ; - 466 

6. Analysis of growth . ; ; ’ Fi 3 $ : , : e470 

(a) Relative growth rate . : : : ; ; : : ; ce Yibfe: 

(5) Leaf weight ratio : : ; : é : : : F A 72 

(c) Unit leaf rate. : ; ; : : : : : ee A73 

(d) Relative leaf growth rate. : ; é : : ‘ , a8 CGP 

Discussion. F , : , ; . ‘ : : : : o 0G 

SUMMARY ; ; : : ‘ : : é : : : , 2 tte 

LITERATURE CITED . : : : : ‘ : ‘ 479 


[Annals of Botany, N.S. Vol. ur, No. 6, ye 1938.] 


438 Watson and Baptiste—A Comparative Physiological 


INTRODUCTION 


SERIOUS difficulty encountered in any investigation of the changes 

during growth of a field crop is the high variability between plants of 
the crop. To measure and control this variability, all observations must be 
made on a number of samples drawn at random from the whole population, 
so that the labour involved in making even a simple measurement is consider- 
able. Less variable material can be obtained by using pot-cultures, but the 
conditions of pot-culture differ so widely from field conditions that the results 
must be used with caution in interpreting the behaviour of plants growing in 
the field. 

Simple measures of growth such as counts of plants and shoots and measure- 
ments of shoot length have been much employed in work on cereals. For some 
purposes, such as the establishment of empirical relations between final yield 
and growth at stages previous to harvest from which forecasts of yield may be 
made, these measurements may be useful, but they are of little fundamental 
physiological significance, for the changes which they measure are morpho- 
logical functions of the whole complex of physiological processes. Nor are 
they easily adaptable to crops such as sugar-beet in which the form of the 
plant changes little during growth. 

For a physiological approach to the study of growth it is essential to use the 
more fundamental measures of change in dry weight, in leaf area, and in 
composition. Gregory (1917) and West, Briggs, and Kidd (1920) have de- 
veloped methods of growth analysis which make use of growth functions of 
definite physiological significance, in particular, the leaf area of the plant and 
the rate of increase of dry weight per unit leaf area, which measure the size 
of the assin.ilatory system and the intensity of assimilation respectively. 
Notwithstanding the fact that these methods were developed long ago, not 
many investigators have attempted growth analysis of field crops. The 
following instances may be cited, Tincker and Jones (1931), Crowther (1934, 
1937), Heath (1937). 

The sugar-beet plant presents many problems of great physiological interest. 
The development and maintenance of a high sucrose content in the root is the 
most important feature of the plant agriculturally, but little is known of the 
physiological factors involved. Field experiments carried out over a period of 
years have shown that the effect of fertilizers on the crop is usually small but 
varies widely with soil and season. The yields obtained in Great Britain are 
generally lower than on the Continent, and this together with the small effect 
of added mineral nutrients suggests that the growth of the crop in this country 
is limited by some suboptimal climatic factor. 

The present work was begun as a preliminary to the investigation of these 
problems. Its object was to measure in as great detail as possible the changes 
taking place during the growth of a normal crop of sugar-beet, in particular 
the variation with time of dry weight, water content, and sugar content of all 
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parts of the plant, and also of leaf number and leaf area, and to correlate these 
changes as far as possible with meteorological factors. 

In order to discover whether the characteristic high sugar content of the 
sugar-beet is related to some special feature of growth, the experiment was 
arranged so that a comparison could be made with mangold grown in com- 
parable conditions. Sugar-beet and mangold are usually regarded as varieties 
of the same species and the mangold was used as a control plant, being closely 
related to the sugar-beet but more physiologically normal. The comparison 
of the two crops is of some practical interest, for it has been suggested 
(Rothamsted Annual Report, 1932) that a greater yield of sugar per acre can 
be obtained;from mangold than from sugar-beet. This is based on a com- 
parison of average yields and sugar contents, and the direct comparison in an 
experiment has not previously been made. 

Sugar-beet, as normally grown, is a biennial plant harvested in the first year 
of its growth while still in a vegetative state and not at a clearly defined stage of 
maturity. Consequently the length of the growth period, which may be varied 
by varying the date of sowing, is likely to be of even greater importance in 
determining the final yield than in crops such as cereals where the ripened 
fruit is harvested. Plants sown on different dates will reach the same stage of 
growth at different times in the growing season. The same seasonal changes 
in climatic factors operating at different stages in the growth cycle may produce 
different quantitative and qualitative effects on growth. It was possible to 
investigate such effects without increasing the size of the experiment or 
affecting the accuracy of the sugar-beet and mangold comparison by sowing 
the replicates on successive dates. In addition to providing a measure of 
possible sowing-date effects, this arrangement was advantageous in that the 
comparison of sugar-beet and mangold was made on a wider basis, and was 
not specific to one sowing date. 


ARRANGEMENT OF EXPERIMENTAL PLOTS 


The experimental area was divided into six blocks each consisting of two 
plots, one of which, selected at random, was sown with sugar-beet, variety 
Kleinwanzleben E, and the other with mangold, variety Garton’s Yellow 
Globe. The blocks were sown at intervals of a fortnight, one at each sowing 
date, beginning on April 9, 1934. The sowing date treatments were applied 
to blocks at random. 

The dates of sowing were: 


Weeks after sowing Weeks after sowing 
block:tye as block I. 
I. April 9 ° IV. May 21 6 
II. April 23 2 V. June 4 8 
III. May 7 4 _ VI. June 18 10 


The experimental area had been cropped in 193 cs with spring oats, and had 
received a dressing of 14 cwt. of sulphate of ammonia per acre. 
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The following quantities of fertilizers were applied to every plot: 0-6 cwt. 
N per acre as sulphate of ammonia, applied at sowing, 0:5 cwt. PO, per acre 
as superphosphate and 1-0 cwt. K,O per acre as 30 per cent. potash salts 
applied on April 23. The area of each plot was 0-35 acre. The rows were 
spaced 22 in. apart, and the plants were thinned to approximately 9 in. apart 
in the rows. There were nine rows of plants per plot, of which the two outside 
rows were not sampled; the end plants of each row were also rejected. 

Table I shows the dates on which the plots were thinned, and the mean 
number of leaves per plant greater than 1 in. in length, including the cotyledons, 
at the time of thinning. 


TABLE I 
Mean number of 
Date of Date of Days after leaves per plant. 
sowing. thinning. sowing. Sugar-beet. Mangold. 
I May 30 51 6:8 7°5 
II June 12 50 wes af 
Ill June 15 39 Tad. tad, 
IV July 11 51 6-7 6°5 
V July 16 42 6°8 6-7 
VI July 18 31 5°9 6°1 
M ETHODS 


1. Sampling procedure. 


Sampling began when the plants were thinned, and continued at fortnightly 
intervals. On the day before thinning, the plants had been ‘bunched’, leaving 
groups of plants which were thinned to single plants in the final operation. 
The samples at thinning consisted of one plant taken at random from every 
fifth bunch of the plot. 

All the later samples consisted of twenty plants taken from each plot. Three 
plants were taken at random from each of the seven centre rows of the plot, 
with the exception of one row, selected at random from the seven, from which 
only two plants were taken. Only normally spaced plants were included in 
the samples. Plants adjacent to a gap in the row, where a plant was. missing 
either through thinning irregularities or because it was taken in a previous 
sample, were rejected. It was found impossible to deal with the samples from 
all twelve plots in one day, so that on each sampling occasion the plots of the 
first three sowing dates were sampled on the first day, and the remaining 
three on the second day. The sugar-beet and mangold plots of the same 
sowing date were sampled together, but the order of sampling of the three 
sowing dates taken on any one day was determined at random afresh at each 
sampling time. ‘The plants were dug witha fork, and in the sugar-beet care was 
taken to remove the whole of the storage region of the root. 

The procedure of sampling was as follows: at about 10.0 a.m. the first two 
samples from a sugar-beet and a mangold plot of the same sowing date were 
dug up and removed to a field laboratory, where the various weighings and 
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measurements were carried out. When these were completed at about 12.30 
p-m., the next two plots were sampled, weighed, and measured, and the remain- 
ing two samples were taken at about 4.0 p.m. This method ensured that compari- 
sons between sugar-beet and mangold were independent of time of day of 
sampling, but comparisons between sowing dates involved differences between 
times of day and also between the first and second day of sampling. The only 
results likely to have been affected seriously by this unavoidable spread of the 
observations over two days are the carbohydrate estimations on leaf lamina 
and petiole and the water content, and these are discussed later. The diurnal 
changes in total dry weight of the different parts of the plant may be assumed 
to be negligible, when compared with the sampling errors of the dry weight 
determinations. 


2. Observations made on the samples. 


The tops were cut off from the roots at the level of the lowest leaf. It is 
important to notice, therefore, that the fraction of the plant referred to sub- 
sequently as petiole also includes part of the storage organ which is morpho- 
logically stem. This tissue is proportionately much greater in sugar-beet than 
in mangold. The division between tops and roots was made rather higher than 
is usual in the agricultural operation of ‘topping’, where the cut is made at the 
widest part of the root. The detached roots were washed, dried with a cloth, 
and the twenty roots of a sample were weighed together. 

The number of leaves on each plant was counted, leaves of the main stem 
and of axillary buds being recorded separately. Only leaves of length greater 
than 1 in. were counted, and there was no difficulty in applying this arbitrary 
limit for usually it fell clearly between two successive leaves, and at most there 
was doubt about the inclusion or non-inclusion of only one leaf. Dead leaves 
or part of leaves were discarded. 

Ten plants were taken at random from the twenty plants of each sample, 
and the lamina of one leaf, selected at random from each of the ten plants, 
was cut off. The ten leaves were weighed separately, and their leaf areas were 
measured by printing on ‘blue-print’ paper and cutting out and weighing the 
prints. The leaf area of the whole sample of twenty plants was calculated, by a 
method previously described (Watson, 1937), from the mean fresh weight per 
leaf lamina obtained from the whole sample, and the mean leaf area: leaf fresh 
weight ratio and its regression on leaf fresh weight, calculated from the sub- 
sample of ten leaves. 

Next, the leaf lamina of every leaf was cut off at the point of divergence of 
the lowest veins of the lamina from the midrib. The fresh weight of leaf 
lamina and of petiole of each sample of twenty plants was determined. It 
was found that if care was taken to avoid contact between roots and leaves 
during transport from the field to the laboratory, there was no need to wash 
the leaves. When the leaves were sampled during rain, as much surface 
moisture as possible was removed by vigorous shaking. 
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Subsamples were taken of lamina, petiole, and root for dry matter deter- 
mination and carbohydrate estimation. When the plants were small, the 
detached leaf laminae were thoroughly mixed and the whole divided into two 
parts, one for dry matter and the other for carbohydrate estimation. Later 
(fourth sampling onwards), the leaf laminae were spread out at random in a 
layer 2-3 in. deep on a wooden tray, and discs were punched out with a sharp 
1-in. cork-borer. Samples of about 100 gm. weight of these discs were taken. 
The random distribution of leaves in the tray ensured that all parts of the leaf 
including the edges and the veins had an equal chance of being sampled. 

The roots were subsampled by cutting from each a wedge-shaped slice of 
a size sufficient to give a total weight of approximately 100 gm. per twenty 
roots. When the plants were small, they were merely halved; as they grew 
larger, successively smaller fractions were taken until finally only a very thin 
slice was necessary. The fraction required was roughly calculated from a 
knowledge of the total weight of root in the sample. Jt is known (Schubert, 
1906) that the composition of the sugar-beet root varies not only longitudinally 
but also radially, so that a segment of the root contained between two longi- 
tudinal cuts, each of which passes through the organic centre, should give an 
unbiased sample of the whole root. 

The petioles were subsampled in a similar way to the roots, by cutting out 
a segment of the crown or stem tissue with the petioles attached to it from 
each of the twenty plants of the sample. 

The samples for dry matter estimation were dried at 100° C. in a large 
electric drying oven. The oven was fitted with a fan which enabled a blast 
of hot air to be blown over the samples. This gave very rapid drying, and 
preliminary drying at a lower temperature was unnecessary. 

From these weights and measurements the following primary data were 
calculated: 

(a) Dry weight of lamina, petiole, and root. 

(6) Water content of lamina, petiole, and root. 

(c) Mean leaf area per plant. 

(d) Mean number of living leaves per plant. 

The treatment of the samples taken for carbohydrate estimation will be dis- 
cussed in a later paper. 


3. Measurements of rates of leaf production and of leaf death. 


Counts of the number of living leaves on the successive samples of twenty 
plants gave only a measure of the balance of the rates of production and death 
of the leaves. In order to measure the production and death rates separately, 
It was necessary to use the same sample of plants throughout, marking the 
Icaves in such a way that the position of any leaf in the age series could be 
identified at any time. 

Immediately after thinning, a sample of twenty plants was selected from 
each plot, and the fifth leaf was marked on the lamina with indian ink. These 
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plants were examined at weekly (later fortnightly) intervals, and as new leaves 
were produced, every fifth leaf was marked with its number. In this way the 
total number of leaves produced by a plant at any time could be counted, and 
from the difference between the total number of leaves produced and the 
number of living leaves present the number of dead leaves was obtained. 
Leaves still attached to the plant were counted as dead when the lamina was 
completely yellowed. This method was applied only to the leaves of the main 
axis. Leaves produced from axillary buds were counted but not marked, so 
that the rates of production and death of these leaves were not measured. 
Plants which showed signs of producing flowering shoots were rejected in 
the selection of samples. The number of bolters was very small (16 in sugar- 
beet and 4 in mangold of sowing I, and 1 each in sowing II of sugar-beet and 
mangold and sowing V of mangold, out of approximately 800 plants per plot). 


RESULTS 
1. Method of statistical analysis. 


The first complete sampling of all sowings was that of July 24-5 (sampling 
time 5), and to simplify the statistical analysis the earlier incomplete samplings 
were omitted. The remaining results form a 12x 10 table for each variate, 
12 treatments X 10 sampling times. The twelve treatments of the experiment 
were not replicated, and the estimates of error are derived from deviations 
from linear regressions on sowing date. There are clearly three different 
estimates of error: (a) involving differences between blocks, appropriate for 
testing the linear regression on sowing date of the mean of sugar-beet and 
mangold for all sampling times; (6) involving differences between plots 
within blocks, appropriate to the mean difference between sugar-beet and 
mangold for all sampling times and its regression on sowing date; (c) indepen- 
dent of plot differences, appropriate for testing the time interactions. 

As an example of the method used, the Analysis of Variance of dry weight 
of petiole is given on p. 444, where S and M represent sugar-beet and man- 
gold respectively, and S.D. sowing date. 

A rearrangement of the ‘Within plots between sampling times’ fraction of the 
analysis enables the time changes of the mean of all sowing dates and of the 
linear regression on sowing date to be tested separately for sugar-beet and 
mangold. This was necessary for those growth functions, such as petiole dry 
weight, for which the difference between sugar-beet and mangold was large, 
for in such cases the error variances for sugar-beet and mangold sometimes 
differed significantly. 

Second order regressions on sowing date were tested for those growth func- 
tions for which the data appeared to show departures from linearity in the 
relation to sowing date. The second order terms rarely approached signi- 
ficance, and with the exceptions which are noted, the linear regressions provide 
all the information which may legitimately be drawn from the data. 

The primary data are too bulky to be published in full. All the information 
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Analysis of Variance 


Dry weight of petiole. gm. per 20 plants. 
D.F. Mean square. 


Between Mean linear regression of S+M on S.D. I 18265 
blocks tera one (a) 4 . 13795 
Between Mean difference, S—M I 4625221 
plots with- [ Mean linear regression of S—M on S.D. I 8855 
inblocks ‘Deviations (6) 4 5893 
Sampling times (Mean of S and M) 9 372741 
Within Interaction. Sampling times x S v. M 9 235829 
plots es sy 5, lin. regr. of 
between S+M on S.D. 9 79596 
sampling r ey » Xlin. regr. of 
times y S—M on S.D. 9 22401 
Deviations (c) 72 3538 
Total 119 


Analysis of Variance. Between Times within Plots 


Dry weight of petiole. gm. per 20 plants. 
D.F. Mean square. 


Sampling times, S. : : i : 3 ; T39 §76319 

Sampling times, M. ; é ; d é ‘ , 32251 

Interaction of sampling time x lin. regr. of S on S.D. NEO 83185 

Interaction of sampling time x lin. regr. of M on S.D. Sf pt) 18812 

Deviations, S. : : : ‘ : : : Be 6003 

Deviations, M. . : ‘ ; ? ; : 5 RS 1074 
108 


derived from them, relevant to time changes and the effect of sowing date, 
are presented in the form of graphs (Figs. 1-14) in which the mean values for 
all sowings of both sugar-beet and mangold, and the linear regression co- 
efficients on sowing date are plotted against sampling time. The standard 
error of the means for comparisons between sampling times is given by 


Deviations (c) variance 
[Desa varace 
and a significant difference between any two means by 3-15 XS.E. (t = 2-228 
when 1 = 10, p = 0-05; Vat = 3-15). Significant differences are indicated 
in each figure by short vertical lines. 

In calculating the regression coefficients the sowing date was expressed in 
weeks from the first sowing. The linear regression coefficient therefore 
represents the increase in the growth function produced by sowing one week 
later. The standard error of the regression coefficients is given by 


a [en variance 
70 
and a significant difference between any two coefficients by 3:26xS.E. 
(t = 2-306 when n = 8, p = o-05; Vat = B20) 
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In the account of the results which follows, frequent repetition of the words 
‘significant’ and ‘not significant’ has been avoided as far as possible by ensuring 
that definite statements are made only about effects the significance of which 
has been established by the Analysis of Variance. These can readily be 
checked by use of the ‘significant differences’ plotted on the graphs. Where 
reference is made to apparent differences of doubtful significance, a qualifying 
phrase to this effect has been introduced. 

In the method of analysis described above, comparison is made of different 
sowings at the same sampling time. For some growth functions the sowings 
have also been compared on a scale of time reckoned from sowing date. The 
rearrangement of the data required for this method of comparison is easy, as 
both the interval between sowing dates and that between sampling times was a 
fortnight. The form of Analysis of Variance used is the same as that described 
above. The regression coefficients calculated by this method measure the 
effect of variation of sowing date at a given interval of time after sowing, 
instead of at a given calendar date. 


2. Changes in dry weight. 


(a) Total dry weight. ‘The mean growth curves of total dry weight (Fig. 1) 
are of the typical S-shaped form. The initial phase of approximately exponen- 
tial increase is obscured in the mean curves for sugar-beet and mangold by 
the omission of the first observations on the earliest sowings, but can be seen 
in the data for individual sowing dates. The mean dry weight for sugar-beet 
was consistently greater than that for mangold, but the difference did not 
become marked until the tenth sampling (October 2). There is some indica- 
tion that the phase of rapid increase continued longer in sugar-beet than in 
mangold, but the trend of the curves suggests that at the last sampling time 
the dry weight was still increasing very slowly in both. 

The linear regression coefficients of total dry weight on sowing date (Fig. 2) 
were consistently negative, and did not differ greatly for sugar-beet and man- 
gold. The changes in the regression coefficient with time were small and 
somewhat irregular. In the early stages it fell to greater negative values at the 
seventh and eighth sampling, and this was followed by a steady rise, which 
continued to the end of the experiment. The observed variation is similar to, 
but smaller than, that which would be obtained if the growth curves of the 
different sowing dates were identical and merely displaced by successive 
fortnightly intervals along the time axis. That the growth curves were not, 
in fact, identical was shown by the regression coefficients obtained when the 
sowings were compared on a scale of time relative to sowing date, that is, at 
equal ages. This treatment of the data gave positive regression coefficients 
over the greater part of the period of observation. From a small initial value 
the coefficient rose to a maximum at about seventeen weeks after sowing, so 
that in this period the later sowings grew more rapidly than the early sowings. 
After this time the coefficient steadily decreased, becoming negative at the 
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Fic. 1. Dry weight. Mean of all sowings. Full line, sugar-beet; broken line, 
mangold. Significant differences shown as vertical lines. 
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last available observation time. In this later phase, growth was less rapid the 
later the sowing. 

The primary data show a departure from linearity in the relation of total 
dry weight to sowing date, in the sense that the decrease from the first to the 
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Fic. 2. Linear regression coefficients of dry weight on sowing date. Full line, sugar-beet; 
broken line, mangold. Significant differences shown as vertical lines. 


third sowing was less rapid than that from the third to the sixth, and at some 
sampling times the maximum dry weight occurred at the third sowing date. This 
curvature was most obvious in the later samplings. When quadratic regression 
equations were fitted to the data, the second order regression coefficient of 
the mean of sugar-beet and mangold showed a significant variation with time, 
but was not significant for the mean of all times. The same type of curvature 
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was found also when the six sowings were compared on a time scale relative 
to sowing date. 

(6) Dry weight of leaf lamina. The curves of mean lamina dry weight for 
sugar-beet and mangold (Fig. 1) were very different. For sugar-beet the mean 
lamina weight continued to increase until sampling 12 (October 30). For 
mangold the maximum was reached at sampling 8 (September 4) and after 
this time there was a steady fall. By the end of November the lamina weight 
was very small and about equal to that recorded at sampling 5 (July 24). 

The linear regression coefficient on sowing date (Fig. 2) was at first negative, 
but rose to positive values in the later stages. Sugar-beet and mangold 
differed in that positive values were attained earlier in mangold, and while the 
values for mangold varied only slightly between sampling 9 and sampling 14, 
sugar-beet showed a steady rise over this period. 

There is clearly no possibility of identical growth curves for the six sowings, 
for the later sowings ultimately produced a greater lamina weight than the 
early sowings. A comparison of the sowings on a time scale relative to sowing 
date serves only to emphasize the greater lamina weight produced by the later 
sowings. 

(c) Dry weight of petiole. The changes in the petiole dry weight (Fig. 1) 
were similar to those observed in the dry weight of leaf lamina, but the differ- 
ences between sugar-beet and mangold were much greater. The weight of 
petiole in the mangold was consistently greater than the lamina weight, but in 
sugar-beet the reverse was true, except in the early stages, when the difference 
between lamina and petiole weights was small. It has been pointed out that 
the part of the plant described as petiole included also some tissue which is 
morphologically stem. ‘This tissue is much wider at its base in sugar-beet than 
in mangold, for the mangold has a constricted ‘neck’ which is not found in 
sugar-beet. The larger bulk of stem tissue in sugar-beet undoubtedly ac- 
counts in part for the greater weight of material recorded as petiole in sugar- 
beet than in mangold, but not for the whole difference, for it was obvious from 
inspection of the plants that the true petioles of sugar-beet were longer and 
larger in cross section than those of mangold. The petiole, like the lamina, 
showed a prolonged phase of decreasing weight in mangold and a continued 
rise in sugar-beet. 

The linear regression coefficients on sowing date (Fig. 2) were similar in 
magnitude to, and showed the same time trend as, those of lamina weight. 
The later sowings ultimately produced a greater petiole weight than the early 
sowings. 

A striking difference between the sowings was observed in the effects of 
severe frosts during the period October 30 to November 14. Many of the 
largest petioles of both sugar-beet and mangold of sowing VI, and to a less 
extent of sowing V, developed deep longitudinal splits, and were so severely 
damaged that they were bent over by the weight of the lamina. The smaller 
petioles of the earlier sowings were unaffected. 
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(2) Dry weight of root. The changes in dry weight of the root are shown in 
Figs. 1 and 2. No significant differences between sugar-beet and mangold 
could be detected, but the mean of all sowings for mangold was greater than 
that for sugar-beet on every sampling occasion except the first, and the differ- 
ence between the means for all sampling times approached the level of signi- 
ficance. The trend of the curves indicates that the dry weight of the root was 
still increasing at the last sampling time. 

‘The weight of the root was depressed by later sowings at all sampling times. 
The linear regression coefficient (Fig. 2) showed a fall to greater negative 
values between sampling times 5 and 8, but later it remained almost steady 
until the end of the experiment. Curvature in the relation to sowing date, 
similar to that found in total dry weight, was obvious at the later sampling 
times. The changes in total dry weight were dominated by the changes in 
dry weight of the root, for the root accounts for the major part of the weight 
of the plant. . 

(e) Summary of dry weight changes. The total dry weight of sugar-beet was 
greater than that of mangold, particularly so at the end of the sampling period, 
because of the greater weight of leaf lamina and petiole in sugar-beet. The 
dry weight of the root was smaller in sugar-beet than in mangold but the 
difference was not quite significant. The growth curves of the two plants 
were on the whole very similar. The most striking difference was found in 
the lamina and petioles. The dry weight of leaf lamina and petiole continued 
to increase over a longer period of time in sugar-beet than in mangold. The 
mangold showed a prolonged phase during which the dry weight of the tops 
steadily decreased. 

By later sowing, the dry weight of the root and of the whole plant was 
decreased at all times to approximately the same extent in both sugar-beet 
and mangold. The dry weights of lamina and petiole in the early samples were 
also depressed by later sowing, but at a later stage this effect was reversed so 
that the later sowings ultimately produced a markedly greater weight of leaf 
than the early sowings. The change from a negative to a positive effect of 
sowing date took place earlier in mangold than in sugar-beet, but the positive 
values of the regression coefficient ultimately attained were not so great. This 
result of varying the date of sowing was unexpected, and is of considerable 
interest. 

The shape of the growth curves was not independent of sowing date, for if 
the growth curves of successive sowings are compared on a scale of time 
relative to sowing date, they cannot be superimposed. The growth attained 
at a given interval of time after sowing was dependent not only on the length 
of that interval but also on environmental conditions. 


3. Changes in water content. 


The change with time of the mean water content of all sowings of sugar- 
beet and mangoid for lamina, petiole, and root expressed as gm. per 100 gm. 
966.6 Gg 
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dry matter are shown in Fig. 3, and the linear regression coefficients of the 
water content on sowing date in Fig. 4. 
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Significant differences shown as vertical lines. 


The water content was greater in all parts of the plant in mangold than in 
sugar-beet, and the largest difference was found in the root, where it was 
approximately twice as great in mangold as in sugar-beet. In sugar-beet the 
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values for lamina and petiole differed little, and were both very much greater 
than those of the root. In mangold the water content of the lamina was only 
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Fic. 4. Linear regression coefficients of water content on sowing date. Full line, sugar-beet; 
broken line, mangold. Significant differences shown as vertical lines. 


slightly higher than that of the root, and the petiole had a greater water content 
than either lamina or root. 

The mean water content, except that for mangold root, showed a downward 
trend over the whole growth period. The deviations from the smooth trends 
of all curves are obviously correlated, but they were much greater in the 
lamina than in petiole and root. 
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The linear regression coefficients of water content on sowing daie (Fig. 4) 
were positive for all parts of the plant, and from sampling time 6 showed a 
downward drift with time. When the sowings were compared on a time scale 
relative to sowing date, the regression coefficients were still positive, so that 
the water content of all parts of the plant was increased by later sowing, 
whether the comparison between sowings was made on a scale of calendar 
time or on a time scale relative to sowing date. 

(a) Variation during the day. In addition to the effect of sowing date, the 
variation in water content between sowings at each sampling time may have 
been due partly to diurnal variation, for the sowings were sampled at different 
times of day. There is good reason to expect large diurnal variation in the 
lamina, for the leaves frequently showed signs of wilting in the afternoon. 
The magnitude of this diurnal effect was estimated by fitting a double regres- 
sion equation on time of sowing, and time of day of sampling to the values for 
each sampling occasion. Of the three sowings sampled on each day, the first 
was taken at about 10°0 a.m., the second at about 12-30 p.m., and the third at 
about 4.0 p.m. There was some variation in the times, but to simplify the 
calculation, the regression was fitted on the order of sampling instead of the 
actual time. On this scale the second sampling is taken as 0, the first as —1 
and the third as +1. The regression equation fitted was of the form 


(y—J) = by(%1—%)+5,(%.—H), 
where y is the water content, x, the sowing date, and x, the time of day of 
sampling, expressed as the order of sampling. The regression coefficients on 
time of day of sampling did not differ significantly for sugar-beet and mangold, 
nor did they show significant variation between sampling occasions. It is 
sufficient, therefore, to consider the mean regressions of sugar-beet and 
mangold and of all occasions. ‘These are shown in Table II. 


TABLE II 


Regression of Water Content on Sowing Date and Time of Day of Sampling. 
Mean of Sugar-beet and Mangold, and of all Sampling Occasions. 


Linear regression Linear regression 
coefficient on coefficient on time of 
sowing date (0,). day of sampling (6,) 
Lamina . : : 18-75+1°53 —45°46+6°39 
Petiole : 3 ; 32°15 -E 1°81 —10°44+7°58 
Root . - : 13;00+1°19 — 0°64-+4°97 


The sowing date regressions were all significant, as has already been shown 
when this term was fitted alone. The mean regression on time of day of 
sampling was significant for the lamina; there is some indication of an effect 
for the petiole, but no trace for the root. The water content of the lamina 
decreased markedly throughout the day; that of the petiole showed a similar 
but smaller tendency, but in the root there was no evidence of variation during 
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the day. The average loss of water from the lamina between the first and 
third samplings during the day (10.0 a.m. to 4.0 p-m.) amounted to 11 per 
cent. of the mean water content. 

The factors of the environment which may induce diurnal variation of water 
content, namely temperature, humidity of the external atmosphere, and 
humidity of the internal atmosphere of the leaf, which is subject to stomatal 
control, act at the lamina end of the gradient of suction pressure which deter- 
mines water movement through the plant. At the other end of the gradient, 
the suction pressure of the soil is unlikely to vary appreciably during the course 
of a day. Diurnal fluctuations of transpiration rate should therefore be associ- 
ated with progressively smaller changes of suction pressure, and hence of water 
content, in the direction from lamina to root. The changes in the root would 
be expected to be very small as it is embedded in a medium whose suction 
pressure is almost constant throughout the day. 

The root is mechanically a more rigid structure than the leaf, and for this 
reason it is probable that a given change of suction pressure is associated with 
a smaller change-of water content in the root than in the leaf. 

These two factors together furnish an explanation of the observed differ- 
ences between lamina, petiole, and root in the diurnal variation of water 
content. 

(6) Variation between sampling times. It has been pointed out that there is 
an obvious correlation between the deviations from a smooth trend of the 
mean water content of lamina, petiole, and root, suggesting that the devia- 
tions were not due to experimental errors but to the influence of an external 
factor. 

The factor most likely to be the cause of these variations is the water con- 
tent of the soil. No direct measurements of soil water content at the time of 
sampling are available, but an indirect measure can be used. The water 
content of the soil is determined by the accumulated rainfall, less the amount 
of water lost by evaporation from the soil surface, by drainage, and by tran- 
spiration through the plant, so that we may use accumulated rainfall less a 
function of time, which represents the water loss, as an indirect measure of 
soil water content. Assuming, as a first approximation, a constant rate of 
water loss from the soil, the method adopted was to fit a regression equation 


of the form > 

(y—J) = by(x—#)+-b,(t—#), 
where y is the mean water content of lamina, petiole, or root, x is the accumu- 
lated rainfall, and ¢ is time. 

The falling trend of water content of the plant throughout the experimental 
period may have been due either to a steady fall of soil water content or to 
internal factors of the plant independent of water supply, or to both. The 
time term of the regression takes account of both effects and it is not possible 
to separate them. If it can be assumed, however, that the time drift of water 
content of the plant was not influenced by internal factors but was determined 
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entirely by the water content of the soil, the regression equation may be 
written as 


(9) = b1G—8) +729) 
and the function [(*—a) + 72(-D) becomes a measure of the deviation at 
1 Bis 
by 
of water loss from the soil, and 5, is the change in water content of the plant 
tissue corresponding to unit change in soil water content. 
The values of the regression coefficients and their standard errors, calculated 


from the mean water content of all sowings for sugar-beet and mangold for 
the period from sampling time 5 to 14, are shown in Table III. 


time t¢ of the soil water content from its mean; — = represents the mean rate 


TABLE III 


Regression Coefficients of Water Content (Mean of all Sowing Dates) on Accumu- 
lated Rainfall in Inches (b,) and Time in Weeks (b,). 


Mean of sugar-beet 


Sugar-beet. Mangold. and mangold. 

b, 124-44 44:2 163°6+45°6 I44°0+ 43°9 

Lamina. b, —76-'T+23°6 —97:9+24°3 —87-0+23°5 

by/by —o-612 —0:598 —o-604 

by 32°44 36°7 76-7 +40°8 54°64 38-2 

Petiole. b, a On —49°7+21°8 —41°5+20°4 
b,/b, —1:027 —o'648 —o-760 

by 28:9+24°6 {3 5220-0 5I-2+23°9 

Root. db, —26°3--13°2 —= 9° Faet br 3 = SE SEI EL YG) 
bz /b, —o'9gI10 —0o'526 —0-635 


Significant results in italics. 


The double regression was highly significant in all cases, reducing the error 
variance for the lamina by 70 per cent., for the petiole by 71 per cent., and for 
the root by 59 per cent. The rainfall and time terms considered separately 
were significant for the lamina and for mangold root, but not for the petiole 
or for sugar-beet root. The regression coefficients were consistently greater 
for mangold than for sugar-beet, significantly so for petiole and root. The 
results are in agreement. with the hypothesis that the variation in water 
content of the plant was caused by variation in water content of the soil, for 
it is difficult to suggest any reason for the correlation with accumulated rain- 
fall other than its effect in controlling the soil water content. 

An illustration of the goodness of fit of the regression equation is given in 
Table IV, where the observed and calculated values of mean water content 
of the lamina are set out. 

The difference between the calculated and observed values is negative at the 
beginning and end of the period and generally positive in the middle region, 
suggesting that the rate of water loss from the soil was not constant, but was 
higher in the middle of the period than at the beginning and end. 
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The ratio of the regression coefficients b,/b, (Table III), is fairly constant, 
as would be expected if it were a real measure of the rate of water loss from 
the soil. The values for sugar-beet petiole and root are somewhat higher than 
the others, but here the regression coefficients are smaller and have propor- 
tionately greater errors, so that the ratio is less accurately determined. In the 


TABLE IV 


Water Content of Lamina. gm. per 100 gm. Dry Matter. Mean of Sugar-beet 
and Mangold, and of all Sowing Dates. 


Accumulated Calculated from 
Sampling rainfall regression Calculated 
time. in inches. Observed. equation. — observed. 
5 ) 976°5 963°2 13:2 
6 0°520 951°7 864-1 — 87-6 
mi 0-951 724°0 752'2 28:2 
8 2°864 780°1 853°8 WRF 
9 3°961 822°2 837°7 15°5 
10 5°483 906-0 882-9 =A Pl 
II 6:233 761-4 817-0 55°6 
12 6-752 691-4 ATT 26°3 
13 8-470 816-2 791°2 250 
14 8-707 701°8 651°3 —50:5 


absence of any information as to the drift of water content of the plant with 
time due to internal factors, the mean value of the ratio, —o-67, may be 
interpreted as indicating an average rate of water loss from the soil of about 
0-7 in. of rain per week. 

The regression coefficients are much greater for the lamina than the petiole, 
and slightly greater for the petiole than the root. This result is similar to that 
found for variation during the day, namely, that the water content of the lamina 
is much more variable than that of petiole and root. It must be attributed to 
the greater mechanical rigidity of root and petiole, for here we are concerned 
with variations of s 1ction pressure of the soil, which must be accompanied by 
approximately the same variations of suction pressure throughout the plant, 
whereas in the diurnal changes the variation is. induced at the lamina end of 
the suction pressure gradient, the suction pressure of the soil remaining steady. 
This distinction accounts for the fact that while the root water content showed 
no variation during the day, it varied considerably between sampling times. 
The larger regression coefficients found for mangold than for sugar-beet 
indicate that the water content of mangold is more sensitive to changes of soil 
water content than that of sugar-beet. The explanation of this may lie in 
differences of mechanical structure and of osmotic relations of the tissues. 

It is possible that the fitting of a multiple regression of water content of the 
plant on accumulated rainfall and time might be made the basis of a method 
for estimating the water requirement of plants growing in the field, for which 
no other method is available at present. It must be noted, however, that 
the rate of loss of water from the soil through the plant can be determined from 
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the ratio of the regression coefficients b,/b, only if loss by drainage or direct 
evaporation, and any drift with time of the water content of the plant due to 
changes in internal factors, can be measured or eliminated. 


4. Changes in leaf number. 


(a) Number of leaves per plant. Two sets of observations were made on 
leaf number, the first derived from the plants sampled for dry weight estima- 
tion, and the second from the plants on which the leaves were marked as they 
were produced, so that the number of a leaf in the age series could be deter- 
mined at any time. The two sets of samples will be referred to as the ‘sampled 
plants’ and the ‘marked plants’ respectively. They differ in that while the 
same marked plants were used throughout, the ‘sampled plant’ observations 
were made on different plants at each observation time. The marked plants 
provide a more accurate estimate of the time changes than the sampled plants, 
as they were not subject to plant to plant variation but, on the average of all 
times, the sampled plants give a more representative sample of the whole 
population. In this section, only leaves on the main axis will be considered. 

The changes in the mean number of living leaves present per plant are 
shown in Fig. 5. The results for the sampled and marked plants were similar, 
except that the number of leaves on the marked plants was slightly greater 
than on the sampled. Sugar-beet had a greater number of leaves than mangold 
and the difference rapidly increased with time, so that at the end of the experi- 
ment sugar-beet had nearly twice as many leaves as mangold. 

The linear regression coefficient of leaf number on sowing date (Fig. 5) was 
at first large and negative, and greater in sugar-beet than in mangold. For 
a short time the regression coefficient tended to rise to smaller negative values, 
but from the beginning of September onwards the rise ceased and there was 
no steady drift with time. The magnitude of the change in the regression 
coefficient was almost equal in sugar-beet and mangold. From September 
onwards the regression coefficient for mangold was almost zero so that all 
sowings had the same leaf number, but owing to the greater initial nega- 
tive values in sugar-beet, the coefficient continued to be negative through- 
out the whole period, and the leaf number decreased consistently with later 
sowing. 

(5) Rate of leaf production. The observations on the marked plants enable 
an analysis of the changes in leaf number to be made in terms of the weekly 
rates of production of new leaves and of death of old leaves. A peculiar feature 
of the sugar-beet plants caused some difficulty in making the counts in the later 
stages. In 2o plants out of the 120 selected, a split developed in the crown of 
the root, so that the apical meristem was divided and the regular phyllotaxis 
was interrupted. New leaves produced from the sides of the half meristems 
next to the split were frequently deformed. Occasionally they grew down- 
wards into the fissure and their development was arrested. Only one mangold 
plant out of 120 selected showed this phenomenon. In sugar-beet it was 
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found in all sowings, and the largest plants were usually those affected. The 
splitting appeared to be mechanical in origin, for no symptoms of disease were 
visible, and the tissues exposed in the split developed a callus. 

The mean rate of production of leaves per plant per week is given in Fig. 6. 
The difference between the means for sugar-beet and mangold was not quite 
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significant, but the values for sugar-beet were usually slightly greater than 
those for mangold. The rate tended to fall over the whole sampling period, 
but there were wide and significant fluctuations. The coincidence of these 
fluctuations in sugar-beet and mangold suggests that some meteorological 
factor was affecting the rate. 

The effect of sowing date and its variation with sampling time were similar 
for sugar-beet and mangold. From a positive value at the first sampling time, 
the linear regression on sowing date fell to zero and later to negative values. 
These changes in the regression coefficient indicate that the steepness of the 
decline of the rate of leaf production with time was greater the later the sowing, 
and that the curves for the different sowings intersect at the time when the 
regression coefficient is zero. It is clear therefore that on a time scale rela- 
tive to sowing date the curves are not identical. 

The weekly mean temperature, calculated as the average of the weekly mean 
maximum and the weekly mean minimum temperatures, is also plotted in 
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Fig. 6, and there is an obvious correlation, both in trend and in deviations 
from the trend, between mean temperature and rate of leaf production. 
Linear regressions on weekly mean temperature were fitted for each sowing 
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Fic. 6. Rate of leaf production. Full line, sugar-beet; broken line, mangold. Significant 
differences shown as vertical lines. 


of sugar-beet and mangold. The regression coefficients are shown in the first 
line of Table V. 

The mean regression was highly significant, reducing the error variance by 
50 per cent., but the difference between the regressions for sugar-beet and man- 
gold was not significant. The regression coefficients for the six sowing dates 
did not differ widely, but a tendency to increase with later sowing was evident, 
as would be expected from the fact that the rate of leaf production declined 
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more rapidly with time the later the sowing. The increase in the regression 
coefficient continued throughout the whole range of sowing dates, and was 
found to be significant when estimated as a linear regression on sowing date. 

In view of this variation between sowings in the relation of the rate of leaf 


TABLE V 


Linear Regression Coefficients of Rate of Leaf Production on Weekly Mean Tem- 
perature (Mean of Sugar-beet and Mangold). Leaves per Plant per Week per °F. 


Sowing date. I. iif ITI. IV. V. VI. 
Trend not eliminated - 00697 0°0819 0°0958 o-1050 o-1117 071242 
Trend eliminated : - 0'0684 0°0843 01307  0:0987 0:0927 01000 


production to temperature, it is of importance to consider whether the down- 
ward trend of the rate is attributable to the temperature trend, or to some other 
factor. Information on this point can be obtained by examining the relation 
between deviations, after elimination of trend from both rate of leaf production 
and temperature. For ease of calculation, a linear time trend was assumed. 
The values of the linear regression coefficients of the deviations from the time 
trend of the rate of leaf production on temperature are shown in the second 
line of Table V. The steady increase with later sowing date disappeared with 
the elimination of trend, and no significant difference between sowing dates 
in the regression coefficients of deviations from trend could be detected. Thus 
the relation between deviations from trend of the rate of leaf production and 
temperature was independent of sowing date, which would be expected if the 
deviations in the rate were induced by temperature variation. 

The regression coefficient of the mean rate of leaf production for all sowings 
on temperature before elimination of trend was 0:0963 -(0-0070, and for the 
deviations from the time trend, 0-0965 --o-0140. These coefficients are almost 
identical, and this suggests that the downward trend of the rate was causally 
related to the temperature trend. It seems justifiable to conclude that the 
variations in the rate of leaf production, both in trend and short period devia- 
tions, were determined mainly by temperature. ‘To account for the variation 
between sowing dates of the regression on temperature when trend was not 
eliminated, the operation of an internal factor dependent on sowing date must 
be assumed whose effect on the rate of leaf production was to cause a more 
rapid fall with time the later the sowing. 

It is very improbable that the relation between rate of leaf production and 
temperature is truly linear. Fig. 7, in which the mean rate of leaf production 
is plotted against temperature, suggests that the relation is of the usual vant 
Hoff exponential form. Assuming that this is so, the values of the temperature 
coefficient Q,, can be calculated by fitting linear regressions of the logarithms 
of the rates of leaf production on temperature. The regression coefficients 
obtained are shown in Table VI. 

The coefficients are not significantly different for sugar-beet and mangold, 
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Fic. 7. Relation between the rate of leaf production (mean of all sowings of sugar-beet and 
mangold) and temperature. The straight line in the lower half of the figure is the calculated 
linear regression line of logo (rate of leaf production) on mean temperature, and the curved 
line in the upper half of the figure is the corresponding line when rate is plotted against 
temperature. 

The points shown by open circles are means for the first three or first four sowings only, for 
the period before the later sowings were thinned. 
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TaBLe VI 


Linear Regression Coefficients of logy) (Rate of Leaf Production) on Temperature 
(°F.). (Mean of all Sowings). 


Mean of 
Sugar-beet. Mangold. 5.5. S. and M. S.E. 
Including trend 0'02275 0701999 +0°002898 0°02137 +0°'002049 


Deviations from trend 0:03199 0:02265  -+0°005729 0°02732 +0°004051 


nor does the elimination of trend produce a significant difference. In the 
lower half of Fig. 7 the logarithm of rate of leaf production is plotted against 
temperature, and the fitted linear regression line is shown. The values of Qi 
may be calculated from the regression coefficients as follows: 

If x, is the rate of leaf production at temperature T° C. (= ¢° F.) and x, 


is the rate at F+-10° C. (= t+18° F.), then Q,, is defined as the ratio =2, 

The regression equation fitted to the data is of the form : 
login x = bt-Ee, 

where t = temperature in °F., and the values of the regression coefficient 6 

are given in Table VI. 


Then logio — — b(t-+18)—bt = 188, 
1 


5a = Q,, = 1018, 

The value of Q,) before elimination of trend is 2-42, and that for deviations 
from trend is 3-10. These do not differ significantly since their logarithms 
have been shown to be not significantly different. ‘The temperature coefficients 
are of the order of those found for chemical reactions and for many biological 
processes, which supports the conclusion that the correlation observed be- 
tween temperature and the rate of leaf production is a causal and not a chance 
effect. 

An interesting feature of the graphs in Fig. 6 is that at times when the 
temperature had risen after a sharp fall, the rate of leaf production was greater 
than would be expected from the prevailing temperature. This is obvious 
in the points for the period September 3-10 and particularly November 26— 
December 10. These points appear as positive deviations from the regression 
line in Fig. 7, where rate of leaf production is plotted against temperature. 
This suggests that low temperatures had an after-effect, causing a greater 
acceleration of the rate of leaf production in a subsequent period than could 
be attributed to rise of temperature. 

The rate of leaf production, as here defined, is not purely a measure of 
meristematic activity; it is also a function of the rate at which preformed leaf 
initials develop to a length of one inch. It is difficult to determine the extent 
to which observed temperature relations are a measure of the effect of 
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temperature on the production of new leaf initials by the meristem, or on their 
elongation to the arbitrary size limit at which they were included in the leaf 
counts. Over along period of time the rate of leaf production must be a measure 
of the activity of the meristem, for it is impossible for more leaves to develop 
than there are initials formed, and highly improbable that there should be any 
appreciable increase over a long period of time in the number of undeveloped 
leaf initials. The time trend is, therefore, probably the expression of a varia- 
tion of meristematic activity, and it is of interest to note that its temperature 
coefficient is of the same order as that characteristic of chemical reactions. 

(c) Death rate of leaves. ‘The rate of death of leaves per week is plotted in 
Fig. 8. The death rate was nearly twice as great in mangolds as in sugar-beet. 
Over the period from July to the end of October the death rate showed no 
obvious trend, but later it increased rapidly. There is little doubt that this 
rise was caused by frost damage, for many leaves at this time showed the 
typical symptoms of flaccidity and injection and, in the later sowings, splitting 
of the petioles. 

Apart from the final rise, the death rate appeared to vary independently for 
the different sowings and no correlation with any weather factor could be 
detected. The death rate takes account not only of those leaves which passed 
through the natural processes of senescence and death while attached to the 
plant, but also of leaves which were accidentally broken off in the course of 
cultivation and sampling, so that its determination was more subject to error 
than the rate of leaf production. 

The linear regression coefficient of the death rate on sowing date showed a 
downward drift from positive values in the early stages to negative values, but 
the changes with time were small. There was no difference between sugar- 
beet and mangold in the effect of sowing date. 

It is clear that the development of a greater number of leaves in sugar-beet 
than in mangold was due mainly to a greater death rate in mangold, and partly 
to a slightly greater rate of production in sugar-beet. The effect of sowing date 
on the rates of leaf production and death was the same for sugar-beet and 
mangold, and this accounts for the observed similarity of the change with 
time in the effect of sowing date on leaf number in sugar-beet and mangold. 
The only difference between sugar-beet and mangold in the effect of sowing 
date on leaf number was the greater depression with later sowing observed 
at the early sampling times in sugar-beet. This developed before the observa- 
tions began, and was not affected by any subsequent changes in the rates of 
leaf production and death. 

The total number of leaves produced per plant, and the number which 
died in the whole period of growth from sowing to 10 December are shown 
in Table VII. 

These numbers represent the integration of production rate and death rate 
over the whole period, and show the resultant of the changes observed in the 
rates, andvof the variation in the length of the growing period for the different 
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sowings. Both the number of leaves produced and the number dead decreased 
with later sowing. This was mainly the result of the shortening of the growing 
period and not an effect of sowing date on the production and death rates, for 
both production rate and death rate increased with later sowing in the early 


Mean of all sowings 
Leaves per plant per week 


date. 


Leaves tS plant per week 


Linear regression coefficients 


on sowini 


July Aug. Sept. ec. 


Fic. 8. Death rate of leaves. Full line, sugar-beet; broken line, mangold. Significant 
differences shown as vertical lines. 


TABLE VII 


Number of Leaves Produced per Plant, and Number which had Died, in the 
Period from Sowing to December 10. (S = Sugar-beet, M = Mangold). 


Sowing date ie II. Ill. IV. V. VIE 
ee MVE taba HVivle ao, WeRIVErs Ooh EVEY POS EONS eS yrs IVIL: 
Leaves 
produced 68:5 62:3 72°0 59:2 64:6 60:2 52°5 55°7 52°6 52°3 53°8 511 
Leaves dead 22 OMG. mee Om 337 aac omea oO, abe Tan 0: Onell 27am Senn kn 
stages and decreased with later sowing in the later stages, so that there was little 
difference between sowing dates in the mean rates over the whole period. The 
total number of leaves produced was slightly greater and the number dead 
was markedly less in sugar-beet than in mangold, in accordance with the 
consistent differences observed in the rates of production and death. 
Casual inspection of a root crop in the field might suggest that the tops were 
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in a relatively static condition, and that there was little growth activity apart 
from a steady accumulation of storage products in the root. Table VII em- 
phasizes that this is far from a true picture. Throughout the period of vegeta- 
tive growth there was a steady loss and renewal of leaves, so that in sugar-beet 
about one-third and in mangold one-half of the leaves produced were lost, 
mainly by normal senescence but partly by accidental damage. 


Sampled Plants Marked Plants 


Mean of all sowings 
Leaves per plant 
Oo a 


wi 


aed 

mene 

8 Ss @) SO eae OO =O 9-0-0 Ong OO = > = -O---0---O-., 
bo e-2 — F 
Poe Sampling time 

5594 § 678 9 1011 12 13 14 


Aug. ° Sept. Dec. July Aug. Sept: Oct. 


Fic. 9, Number of axillary leaves per plant. Full line, sugar-beet; broken line, mangold. 
Significant differences shown as vertical lines. 

(d) Number of axillary leaves per plant. The number of axillary leaves, that 
is to say leaves produced from lateral buds, was counted on both sampled and 
marked plants, but they were not marked in order of production, so that no 
information on their rates of production and death is available. The results are 
given in Fig. g. 

The mangold plants produced very few axillary leaves, and the differences 
between sowing dates were negligible. In sugar-beet the number of axillary 
leaves per plant increased steadily with time, and at all times it was much 
greater for the early sowings than the late. This can be seen in Fig. 9 from the 
large negative linear regression coefficients on sowing date. There was some 
evidence of a departure from linearity in the sowing date effect, for the first 
sowing had fewer axillary leaves than the second and third sowings, but there 
was a steady decrease from the second to the sixth sowings. 

(¢) Mean dry weight of lamina per leaf. The extent to which variations in 
leaf number account for variations in lamina dry weight per plant can be 
tested by an examination of the mean lamina dry weight per leaf (Fig. 10). 
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The lamina dry weight per leaf was slightly greater in mangold than in 
sugar-beet in the early stages of growth, and this offset the smaller leaf 
number, so that the difference in lamina dry weight per plant was small. The 
lamina dry weight per leaf increased to a maximum at the same time in both 
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Fic. 10. Mean dry weight of lamina per leaf. Full line, sugar-beet; broken line, mangold. 
Significant differences shown as vertical lines. 
plants, but the subsequent fall was steeper in mangold so that in the later 
stages the values for sugar-beet were considerably greater than those for man- 
gold. ‘There were many axillary leaves on the sugar-beet plants, and few in 
mangold, and as the axillary leaves were very small compared with those on 
the main axis, the difference between sugar-beet and mangold in lamina dry 
weight per leaf of the main stem must have been much greater than that 
shown in Fig. ro, where all leaves are included in the means. The large dif- 
ference between sugar-beet and mangold in lamina dry weight per plant, 
developed in the later stages of growth, was due to the greater lamina dry 
weight of individual leaves reinforcing the greater leaf number in sugar-beet. 
The linear regression coefficient of lamina dry weight per leaf on sowing 
966.6 Hh 


466 Watson and Baptiste—A Comparative Physiological 


date (Fig. 10) rose rapidly from initial negative values, to positive values over 
the greater part of the growth period. The rise was steeper but continued for 
a shorter time in mangold than in sugar-beet, matching the similar changes 
observed in the regression of lamina weight per plant. Thus, the greater 
lamina dry weight per plant produced by later sowing was due to an increase 
in lamina dry weight per leaf, and this effect was augmented by a tendency 
for the later sowings to catch up on the early sowings in leaf number, which 
was particularly marked in mangold. 


5. Changes in leaf area. 

(a) Leaf area per plant. The changes in the area of leaf lamina per plant 
(Fig. 11) follow very closely those already described in the dry weight of leaf 
lamina. Both sugar-beet and mangold showed a steady increase in leaf area 
until early September, and there was little difference between them. After 
this time the leaf area of mangold began to decrease, while that of sugar-beet 
continued to increase, so that in the later stages the leaf area of sugar-beet 
was much greater than that of mangold. The difference between sugar- 
beet and mangold in leaf area was proportionately less than their difference 
in lamina dry weight. 

The linear regression coefficient on sowing date (Fig. 12) was at first 
negative, but rose to positive values over the greater part of the growth period. 
The rise was more rapid, but less prolonged, in mangold than in sugar-beet. 
Thus the effect of late sowing in increasing the lamina dry weight per plant, 
was accompanied by an increase in leaf area. 

In Fig. 11 a scale of leaf area per unit area of land occupied by the crop is 
also given. The leaf area per acre reached a maximum of just over 4 acres 
in sugar-beet and 3 acres in mangold. 

(b) Mean area of leaf lamina per leaf. ‘The mean area of leaf lamina per leaf 
(Fig. 11) was greater in mangold than in sugar-beet except at the end of the 
growth period, so that the greater leaf area per plant in sugar-beet is attribu- 
table to greater leaf number. 

The effect of sowing date on the mean area per leaf (Fig. 12) was similar to 
that observed on the leaf area per plant. The increase in leaf area per plant 
produced by late sowing was due mainly to an increase in the area of individual 
leaves, for it has been shown (Figs. 5 and g) that the number of leaves per 
plant was not increased at any time by later sowing. 

The great difference of leaf size between the sowings in the later stages 
of growth was associated in sugar-beet with a striking change of the habit 
of the plant. ‘Towards the end of October the leaves of many plants of the 
early sowings assumed a flat rosette form with short petioles, while the later 
sowings still had erect leaves with much longer petioles. Almost all the plants 
of sowings I and II had the rosette form, and there were a few in sowings III 
and IV, but none in the later sowings. 

(c) Leaf area per unit dry weight of lamina. In view of the close similarity 
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Leaf area per plant 


Leaf area 
Lamina dry weight 


Sampling time 
10Ssa]jAsi]2 
July Aug. Sept. Oct. Nov. Dec. 


Fic. 11. Leaf area per plant, leaf size and ratio of area to lamina dry weight. Means of all 
sowings. Full line, sugar-beet ; broken line, mangold. Significant differences shown as vertical 


lines. 


between the curves of leaf area and lamina dry weight per plant it is important 
to examine the variations in the leaf area/lamina dry weight ratio. If this ratio 
were sensibly constant, the dry weight of leaf lamina would be an adequate 
measure of leaf area. It has been shown (Watson, 1937) that in leaves from a 
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homogeneous population of plants the leaf area/leaf weight ratio decreases 
with increase in leaf weight. The mean lamina dry weight per leaf has been 
shown to vary with time and sowing date and to differ for sugar-beet and man- 
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Fic. 12. Linear regression coefficients on sowing date of leaf area per plant, leaf size and 
ratio of area to lamina dry weight. Full line, sugar-beet; broken line, mangold. Significant 
differences shown as vertical lines. 


gold. We should expect these variations to be accompanied by variations in 
the leaf area/leaf weight ratio, and that this is so may be seen from Figs. 11 
and 12. If all the leaves belonged to a homogeneous series characterized by 
a uniform leaf area/lamina dry weight relation, we should expect that an 
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increase in lamina dry weight would be accompanied by a decrease in leaf 
area/lamina dry weight ratio. Deviations from this expectation imply a real 
effect on the leaf area/lamina dry weight ratio other than that associated with 
variations of lamina dry weight per leaf in a homogeneous population. 

The mean ratio for all sowing dates (Fig. 11) was lower in the middle of the 
experimental period than at the beginning and end. The form of the curve 
was the inverse of the curve of mean lamina dry weight per leaf, that is to say, 
the ratio had high values when the lamina dry weight was low and vice versa. 
The time changes in the ratio were, therefore, in agreement with the hypo- 
thesis of homogeneity. 

The ratio was greater in mangold than in sugar-beet, at those times when the 
lamina dry weight per leaf (Fig. 10) was also greater in mangold. Though for 
both, the ratio decreased with increase in lamina dry weight, it was greater for 
a given lamina dry weight in mangold than in sugar-beet, and for this reason 
the difference between the two crops in leaf area per plant was smaller than 
their difference in lamina dry weight. The tendency for the difference between 
the ratios for mangold and sugar-beet to increase in the later stages of growth 
is in accordance with the observed decrease with time in the superiority of 
mangold to sugar-beet in mean lamina dry weight per leaf. 

The linear regression coefficient of the leaf area/lamina dry weight ratio 
on sowing date (Fig. 12) was positive over the whole growth period except at 
the last sampling time, and for mangold at sampling time 5. In the early 
stages of growth, later sowing depressed the mean lamina dry weight per leaf, 
so that an increase in the leaf area/lamina dry weight ratio with later sowing 
would be expected at this time. But later the lamina dry weight per leaf 
increased with later sowing, and as the effect on the leaf area/lamina dry 
weight ratio continued to be positive, it must be concluded that the relation 
between the leaf area/lamina dry weight ratio and lamina dry weight per leaf 
was modified by varying the sowing date in the sense that leaves of a given 
lamina dry weight had a greater leaf area/lamina dry weight ratio. This might 
be taken to imply that the thickness of leaves of a given area or given weight 
was less in late sowings than in early, but this is not necessarily so, for the 
reduction in dry weight per unit area with late sowing might be accompanied 
by an increase in water content. Although the water content of the lamina 
was increased by late sowing, precisely the same effects were found in the 
variations of leaf area/lamina fresh weight ratio and lamina fresh weight per 
leaf, so that the conclusions are not upset by the consideration of water con- 
tent. The simplest statement of this result appears to be, therefore, that later 
sowing caused the production of larger but thinner leaves than early sowing. 

It follows that as the leaf area/lamina dry weight ratio showed considerable 
variation and was dependent not only on mean lamina dry weight but also on 
crop and sowing date; the lamina dry weight per plant was not a simple 
measure of leaf area, and this also applies to lamina fresh weight. Ballard and 
Petrie (1936) have calculated Unit Leaf Rate on a leaf dry weight basis, and 
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it is clear from the present results that Unit Leaf Rate calculated in this way 
must bear a complex relation to Unit Leaf Rate computed on the usual basis 
of leaf area. 


6. Analysis of growth. 

In comparing the rate of growth of a crop at different stages, it is ideally 
desirable to use a measure of growth which is independent of the size of the 
plant, that is to say, to measure growth as a rate of increase per unit of growing 
material. A first approximation to such a measure is the Relative Growth Rate 
or Efficiency Index, defined as the relative rate of increase of dry weight, which 
was suggested by Blackman (1919). 

The Relative Growth Rate may be resolved into its two components (1) 
the rate of increase of dry weight per unit leaf area, or Unit Leaf Rate, and (2) 
the leaf area per unit dry weight of plant, or Leaf Weight Ratio. The Leaf 
Weight Ratio is important since it represents the proportion which the assimi- 
lating surface bears to the size of the whole plant. This method of growth 
analysis was developed by Gregory (1917) and West, Briggs, and Kidd (1920). 

In this section the variation of the three growth functions, Relative Growth 
Rate, Unit Leaf Rate, and Leaf Weight Ratio, will be examined. 

Fisher (1921) has shown that the Relative Growth Rate may be accurately 
estimated by the following method independent of the form of the growth 
curve. In the interval between times ¢, and ¢, the mean dry weight per plant 
is given by Ge ew where W, is the dry weight per plant at time 
t, and W, that at time ¢,. The increase in dry weight per unit time in the same 


° e J J = Vi . . . 
interval is Fis ae , So that the Relative Growth Rate is given by :— 
ee 


W,—W, a W,—W, hos log, W,—log,W, 
t-—t, ° log.W,—log,W, — ty—ty ‘, 
- ee L,—L, 
Similarly the mean leaf area per plant is given by ene ere 
is the mean leaf area per plant at time t,, and L, that at time t,. Hence, the 
W,—W, _ log, L,—log, L, 
iia ae Lei 
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; where, 


Unit Leaf Rate is and the mean Leaf Weight 


ieee. x Se Thus the Relative Growth Rate 
is the product of Unit Leaf Rate and Leaf Weight Ratio. 

(a) Relative growth rate. The calculated values of the Relative Growth 
Rate, expressed in units of gm. per gm. per week, for the mean of all sowings 
of sugar-beet and mangold are plotted in Fig. 13. The R.G.R. fell steadily 
throughout the whole sampling period for every sowing, i.e. from approxi- 
mately the sixth leaf stage, at which the plants were thinned, and the rate of 
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Fic. 13. Relative growth rate, leaf weight ratio, and unit leaf rate. Means 
of all sowings. Full line, sugar-beet; broken line, mangold. Significant differ- 
ences shown as vertical lines. 
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fall decreased with time so that the curves are concave upwards, falling to zero 
at the end of the period. The prolonged fall of R.G.R. in the later stages of 
growth is similar to that found for other plants, e.g. barley (Gregory, 1926), 
maize (Briggs, Kidd, and West, 1920), wheat, oats, and Sudan grass (Ballard 
and Petrie, 1936) (Heath, 1937c). Briggs, Kidd, and West (1920) have shown 
in their analysis of Kreusler’s data for maize that during germination, before 
assimilation begins, the R.G.R. has negative values, subsequently rising 
rapidly. The initial phase of increasing or steady R.G.R. was completed in 
the present experiment before the sampling began. Over the whole period, 
the mean value for sugar-beet was slightly but significantly greater than the 
mean for mangold, and though some intersection of the curves is evident, no 
significant variation of the difference between sugar-beet and mangold was 
found. 

The variation of R.G.R. with sowing date is shown by the graphs of the 
linear regression coefficient in Fig. 14. These have the same form as the curves 
of the means for all sowing dates, being large and positive at first and falling 
later to zero, so that the magnitude of the fall over the whole period was greater 
the later the date of sowing. A similar result would be expected if the down- 
ward drift of R.G.R. was identical for all sowings, and determined by internal 
factors of age, but if this were so, the regression coefficients on sowing 
date, when sowings are compared on a time scale relative to sowing date, 
should be zero. Actually, negative values becoming smaller towards the end 
of the growth period were found, showing that the R.G.R. was dependent 
both on internal factors of age and on external factors. There was no sig- 
nificant difference between the regression coefficients for sugar-beet and 
mangold. 

(b) Leaf weight ratio. The values of the Leaf Weight Ratio in sq. dm. 
per gm. of plant for the means of all sowings are given in Fig. 13. The graphs 
are similar to those of R.G.R., falling throughout the whole period, but not to 
zero. The fall was steeper in mangold than in sugar-beet, so that the curves 
intersect in the middle of the period, and although this did not appear in the 
Analysis of Variance as a significant variation with time of the difference 
between sugar-beet and mangold, there is no doubt of the reality of the 
effect; it is the expression of the more rapid decline of leaf area in mangold 
than in sugar-beet which has already been pointed out. 

The regression of L.W.R. on sowing date (Fig. 14) was positive and declin- 
ing throughout the period, and there was no difference between the values for 
sugar-beet and mangold. The increase in L.W.R. with later sowing is attribu- 
table partly to a decline of L.W.R. with age and partly to the effect of later 
sowing in increasing the leaf area. When age differences were eliminated by 
comparing the sowings on a time scale relative to sowing date, the regression 
coefficients showed a continued rise from negative to positive values. There 
does not appear to be any obvious explanation of the initial negative values, 
but the upward trend is the consequence of the more prolonged increase, and 
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ultimately greater magnitude, of leaf area in the later sowings than in the early. 
The differential effect on L.W.R. of sowing date is not very great since the large 
leaf area of the later sowings occurs late in the life history when the plant is large. 


Relative growth rate, 


per gm. per week 


Gm. 


9qdin.per gm. per week 


fee ewe mee e@ ee oe oy 


Gm. per sq. dm. per week 


{Oto ald [2a0t 3a 4 
July Aug. Sept. Oct. Nov. 


Fic. 14. Linear regression coefficients on sowing date of relative growth rate, leaf weight 
ratio, and unit leaf rate. Full line, sugar-beet; broken line, mangold. Significant differences 
shown as vertical lines. 

(c) Unit leaf rate. The Unit Leaf Rate expressed in gm. per sq. dm. per 
week for the mean of all sowings is plotted in Fig. 13. It showed a fall through- 
out the period similar to that found for R.G.R. and L.W.R., but more nearly 
linear. The mean value for sugar-beet was slightly greater than that for 
mangold, and the difference between the two did not vary significantly with 
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time. No significant relation of U.L.R. to sowing date was found. When the 
sowings were compared on a scale of calendar time (Fig. 14), the linear 
regression coefficients of U.L.R. on sowing date were small and with one 
exception positive, and on a time scale relative to sowing date they were 
consistently negative. The effect of age on the U.L.R., caused by variation 
of the sowing date, was clearly small, and consequently it is difficult to attri- 
bute the fall of U.L.R. over the experimental period to internal factors de- 
creasing photosynthetic efficiency of leaves with advancing age. 

Gregory (1926), working on barley grown in pot culture, concluded that 
‘net assimilation rate (ie. U.L.R.) is almost completely controlled by the 
factors of temperature and radiation, and internal factors play a minor part’ 
in the early stages. Briggs, Kidd, and West (1920) found for maize that the 
U.L.R. was more closely correlated with temperature than with any of the 
other environmental factors. In the later stages, however, their U.L.R. curves 
differed from those found by Gregory, Ballard and Petrie (1936) and those 
in the present experiment, in that there was a prolonged phase during which 
U.L.R. showed no obvious downward trend. 

An attempt was made to establish a relation between U.L.R. and mean daily 
radiation and mean temperature, using the mean values of U.L.R. for all 
sowing dates. The three variates are plotted together in Fig. 13. Highly sig- 
nificant regressions of U.L.R. on radiation and on temperature were found, but 
a linear regression on time alone gave an equally good fit. A multiple regres- 
sion on the three factors, time, radiation, and temperature together, accounted 
for very little more of the variance of U.L.R. than a regression on time alone, 
so that the radiation and temperature terms were notsi gnificant. All three factors 
were so highly correlated that it was impossible to distinguish between them. 
This may be the consequence of a smoothing out of the U.L.R., radiation, and 
temperature curves, owing to the rather long interval of a fortnight between 
observations. No definite correlation of U.L.R., radiation, and temperature, 
apart from the linear fall of all three, could be demonstrated. In view of the 
absence of any significant variation of U.L.R. with age differences due to 
variation of sowing date, however, it appears probable that the fall of U.L.R. 
with time was caused by the fall of radiation or temperature, and not by a 
change in internal factors of age. 

The negative value of U.L.R. for the interval between samplings 13 and 14 
(Fig. 13) was due to loss of leaves by frost damage, but this was a secondary 
temperature effect, different in nature from a normal temperature variation 
of U.L.R. attributable to alteration of the rate of photosynthesis or respiration. 

(d) Relative leaf growth rate. Gregory (1926) has made use of another 
measure of growth, the Relative Leaf Growth Rate, defined as the rate of in- 


crease of leaf area per unit leaf area, and calculated as ee in 
2—ky 


analogy with the Relative Growth Rate. This function may be considered as 
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the product of Unit Leaf Rate and the ratio se which is a measure partly 

2 1 
of the distribution of added dry matter between the leaves and the rest of the 
plant, and partly of the efficiency with which the increased dry matter of the 
leaves is utilized in increasing the leaf area. Alternatively it may be considered 
as the resultant of changes in leaf number, and in the mean area per leaf. 
From this point of view the Relative Leaf Growth Rate is determined by the 
activity of the meristem in producing new leaves, the loss of leaves by 
senescence and death, and the rate of expansion of the young leaves produced 
by the meristem. These three processes are likely to be determined by different 
internal factors and may be affected quite independently by climatic factors. 
Increase in total dry weight is determined by the product of leaf area and the 
assimilation rate of the leaf surface. The latter factor is measured by Unit 
Leaf Rate, and variation in the former is measured by the Relative Leaf 
Growth Rate. 

The Relative Leaf Growth Rate was calculated from the data of the present 
experiment, but the results give no information additional to that which has 
already been described. It was found that the Relative Leaf Growth Rate fell 
rapidly at first, and from the interval between sampling times 6 and 7 on- 
wards it differed little from zero. There was no significant difference 
between sugar-beet and mangold, but during the later stages the values tended 
to be higher in sugar-beet. Later sowing caused a marked increase at first, 
for reasons similar to those put forward with regard to Relative Growth Rate 
(p. 472). Gregory found for barley, that after the elimination of a complex 
time trend by a graphical method, the Relative Leaf Growth Rate showed a 
positive correlation with day temperature and negative correlations with night 
temperature and total radiation. For all sowings a linear regression of the 
mean Relative Leaf Growth Rate on time, mean temperature, and mean daily 
radiation was fitted to the data of the present experiment, but only the time 
term was significant. The absence of any apparent correlation with radiation 
or temperature may be due to the comparatively small deviations of these 
factors from smooth trends. 


DISCUSSION 


The sequence of changes in dry matter was very similar in sugar-beet and 
mangold; the major difference lay in the distribution of dry matter between 
lamina, petiole, and root. Table VIII shows that a greater proportion of 
assimilate was translocated to the root in mangold than in sugar-beet. The 
later sampling intervals are omitted from the table, because the dry wéight 
increases were small compared with their errors so that the percentage in- 
creases were very inaccurately determined. 

As a result, the sugar-beet plants developed a greater leaf area than the 
mangold, but the difference between the two in this respect was reduced 
by the smaller utilization of elaborated material in the petiole and by the 
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production of a greater leaf area per gm. of dry matter in the leaf lamina in man- 
gold. The photosynthetic efficiency of the leaves as measured by the Unit Leaf 
Rate was only slightly greater in sugar-beet, and the ultimately greater produc- 
tion of dry matter in sugar-beet was mainly due to its superiority in leaf area. This 
superiority was gained by the production of more leaves, for over the greater 
part of the life cycle the leaves of the mangold were larger than those of sugar- 


TaBLe VIII 


Increase in Dry Weight of Lamina, Petiole, and Root as Percentage of Total 
Dry Weight Increase. Mean of all Sowings. 


Sampling Sugar-beet. Mangold. 

interval. Lamina. Petiole. Root. Lamina.  Petiole. Root. 
5-6 22 22 56 24 14 62 
6-7 20 20 60 14 12 74 
7-8 15 20 65 14 10 76 
8-9 14 24 62 —4 2 102 
9-10 7 20 ie ° 2 98 


beet. These facts suggest that the differences in growth between the two 
plants were the result of a greater facility for the movement of assimilate from 
leaf to root in mangold than in sugar-beet. The slightly greater production 
rate and markedly smaller death rate of leaves of the main axis, together with 
the development of more axillary leaves, seem to indicate that in the partition 
of assimilate between stem and root meristems, the sugar-beet stem has an ad- 
vantage compared with that of the mangold. It seems probable that the source 
of this advantage lies in a greater ability of the leaves and meristems of the 
shoot to utilize the products of photosynthesis in sugar-beet than in mangold, 
but on the other hand it is possible that the cause is to be found in a less 
efficient translocatory system, or a smaller ability of the root of sugar-beet to 
utilize assimilate. 

It is clear that the greater accumulation of sucrose in the root of the sugar- 
beet is not a simple result of the production of an excess of carbohydrate 
material in photosynthesis, for though the sugar-beet produced slightly more 
total dry matter, the dry weight of root was actually less than in mangold. 
The source of any differences in sugar content between the two plants must lie 
in properties which determine the extent to which the products of assimilation 
are elaborated to form more complex compounds, and not in a difference of 
the total amount of available assimilate. 

The effect of time of sowing on growth was also the result of a variation in 
the distribution of assimilate between the leaves and the root. ‘This is shown 
in Table IX. 

As the plants aged, the proportion of the total dry weight increase appearing 
in the root became greater, but the difference between sowings cannot be 
explained as merely a difference of age, for ultimately the later sowings de- 
veloped a greater dry weight of lamina and petiole than the early sowings 
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although the total dry weight was less. Independently of age, later sowing 
induced a greater growth of lamina and petiole. It has been shown that this 
was effected by an increase in mean leaf size accompanied by a slightly greater 
rate of increase of leaf number. The larger leaves of the later sowings were 
also thinner, so that the effect of sowing date on leaf area was even greater 
than on leaf weight. 


TABLE IX 


Increase in Dry Weight of Lamina, Petiole, and Root as Percentage of Total Dry 
Weight Increase. (Mean of Sugar-beet and Mangold.) 


Sampling. Mean of first three sowings. Mean of last three sowings. 

interval. Lamina. Petiole. Root. Lamina. Petiole. Root. 
5-6 13 17 7° 45 20 35 
Ca7 II 13 76 28 24 48 
7° 5 8 87 23 21 56 
8-9 aati) ° 107 10 19 7p 
9-10 4 14 82 5 10 85 


It is not possible to determine from the present data the factors which caused 
the increased leaf growth with later sowing. It seems unlikely that the effect 
could have been induced in the seeds before germination, by keeping them 
for a slightly longer time in the dormant condition. Nor can it be 
attributed to climatic factors acting during the time of expansion of the leaves 
produced towards the end of the growth period, which showed the effect most 
markedly. In these later stages of growth, leaves initiated at the same time 
in early and late sown plants, developed to a much greater size in the late 
sown plants although the climatic factors during their growth were identical 
for all sowings. It appears, therefore, that the effect must be attributed to 
internal factors which were induced by environmental factors at, or soon after, 
germination, such as, for instance, a rapid production of the root system at 
that time. Conditions during early growth must have had an enduring 
influence on the growth rates of leaf and root, such that in the late sown 
plants relatively greater growth occurred at the stem apex throughout their 
subsequent growth than in those sown earlier. What determines these 
meristematic activities can at present only be a matter of speculation. ‘Table 
X shows that the later sowings germinated at higher temperatures, in longer 
days and under higher light intensities than the early sowings. The soil con- 
ditions of water supply and nutrient supply must also have varied with 
sowing date. 

The fact that this effect on leaf growth has been observed in subsequent 
years (Rothamsted Exp. Station Rep., 1935, 1936) suggests that it is related 
to the general seasonal trend of climatic factors, rather than to any special 
deviations from this trend in the spring of 1934. 

Whatever the cause of the effect of sowing date on leaf growth, its practical 
result on yield as measured by dry weight is to introduce a compensation for 
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late sowing, for since the photosynthetic efficiency per unit leaf area (the Unit 
Leaf Rate) was as great for the late sowings as the early, the greater leaf area 
developed by the later sowings tended to reduce the difference between 
sowings in dry weight caused by variation in the length of the growth period. 


TABLE X 
Means for four weeks after sowing date. 
Sowing date I. II. III. IV. Ve VI. 
Mean hours of daylight per 
day 14°2 151 15°8 16°3 16°6 16°5 
Mean temperature (°F.) 48°3 49°7 52°7 5673 58-9 Bae) 


Mean radiation per hour of 
daylight. Joulespersq.cm, 77°4 95'9 113°5 107°6 94°5 104°6 
Field experiments carried out at Rothamsted and Woburn in 1935 and 
1936 show similar results in the effect of sowing date on the relative growth 
of tops and roots (Rothamsted Ann. Rep. 1935, 1936). 


SUMMARY 


A study was made of the growth of sugar-beet and mangold sown on six 
occasions at intervals of a fortnight in 1934. Samples were taken at fortnightly 
intervals after thinning to determine (1) dry weight of lamina, petiole, and 
root; (2) water content of lamina, petiole, and root; (3) leaf area per plant. On 
a subsidiary series of samples the leaves were marked as they developed, to 
enable the rates of production and death of leaves to be measured. 

Samples were also taken for sugar estimations, the results of which will be 
discussed in a later paper. 

Sugar-beet ultimately attained a greater dry weight than mangold, the 
difference being mainly in the leaves, for the dry weight of root in sugar-beet 
was slightly smaller than in mangold. The higher sugar content of the root 
of sugar-beet than of mangold cannot, therefore, be attributed to the trans- 
location of more carbohydrate; it must be due to a difference between the 
plants in the extent to which carbohydrate is utilized in growth and in the 
elaboration of more complex compounds. The dry weight of lamina and petiole 
continued to increase for a longer period in sugar-beet than in mangold. 

Later sowing decreased the dry weight of root at all sampling times, but 
in the later stages of growth it caused a marked increase in lamina and petiole 
dry weights. 

The water content of mangold was very much greater in all parts of the 
plant than in sugar-beet. Later sowing caused an increase of water content. 
The leaf lamina showed a marked fall of water content during the day; there 
was evidence of a similar but smaller variation in the petiole, but none in the 
root. Variation of water content between sampling times in all parts of the 
plant was well fitted by a double regression on accumulated rainfall and time, 
indicating that it was caused by variation of soil moisture content. 

The number of leaves per plant was greater in sugar-beet than in mangold 
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owing to a slightly higher rate of production and a lower death rate. Later 
sowing increased the rate of production, so that the difference in leaf number 
between sowings diminished with time, particularly in mangold, but the 
number of leaves per plant did not increase with later sowing at any time. The 
effect of sowing date in increasing leaf dry weight was therefore due to an 
increase in the size of individual leaves and not of leaf number. The rate of 
leaf production was correlated with mean temperature, Q,, being 3:1. Low 
temperatures appeared to have an after-effect, for the rate of leaf production 
in a subsequent period was greater than would be expected from the rise of 
temperature. No correlation of leaf death rate with any meteorological factor 
was detected. 

The variation of leaf area per plant was similar to that of lamina dry weight. 
The effect of sowing date on leaf area was greater than on leaf weight, for it 
was found that the larger leaves of the later sowings had a greater area per 
unit dry weight, i.e. were thinner. It is probable that the effect of varying 
sowing date on leaf growth is determined by environmental factors at, or soon 
after, germination. 

The Relative Growth Rate was slightly greater in sugar-beet than in man- 
gold; it decreased throughout the growth period, falling eventually to zero. 
This was due to a decline both in the Leaf Weight Ratio and the Unit Leaf 
Rate. The Leaf Weight Ratio fell off less rapidly, and the Unit Leaf Rate was 
greater, in sugar-beet than in mangold. 

Later sowing increased the Relative Growth Rate in the early stages, and 
this was due to an increase in the Leaf Weight Ratio, for the Unit Leaf Rate 
was unaffected by date of sowing. 

Both mean temperature and mean daily radiation showed a fall over the 
experimental period, similar to that of the Unit Leaf Rate, but no significant 
correlation of either of these factors with Unit Leaf Rate, after elimination 
of time trend, could be demonstrated. 


The primary data have been deposited in the Natural History Museum, 
South Kensington. 

The authors wish to record their indebtedness to Mr. S. A. W. French for 
much assistance with the statistical computation. 
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INTRODUCTION 


HE mycotrophic habit is proved to be of wide occurrence in many 

families of plants. Modern researches show that the presence of the 
mycorrhizal fungus is not essential for the seedling development of the higher 
symbiont (Melin, 1922; Knudson, 1927-33; McLennan, 1935). Knudson 
(1929) related the abnormal root development of the aseptic seedlings of 
Calluna vulgaris, as stated by Rayner (1915), as due to either the toxicity of the 
nutrient solution or the mercuric chloride used for seed sterilization. 

Very few attempts have been made to isolate the mycorrhizal fungus or to 
synthesize mycorrhiza. Rhizoctonia species were isolated from various orchid 
plants ; synthetic experiments were made successfully in most cases. McLuckie 
and Burges (1932) isolated Rhizoctonia species from Eriostemon Crowet. 
Rhizoctonia species were also isolated from a number of different flowering 
plants; the form, isolated from wheat, has been successfully reinoculated 
into aseptic seedlings. Phoma species were isolated from Ericaceous and 
Epacridaceous plants as well as from Pellia epiphylla and Fragaria chiloensis. 
Fusarium species were isolated by Asai (1934) from different Japanese plants. 
Sterile fungi had been isolated by Freisleben (1934) from different Vaccinium 
species. 

MATERIAL AND METHOD 

The roots of many plants growing in the Zaafran Palace garden, Cairo, 

were examined for the presence or absence of mycorrhiza. The roots were 
{Annals of Botany, N.S. Vol. II, No. 6, April 1938.] 
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cut and stained with lactophenol cotton blue. The presence of fungal hyphae 
was detected in the following species: Tropaeolum majus L., Phlox Drummondu 
Hook., Verbena officinalis L., and Clerodendron inerme Geartn. Only Tropaeo- 
lum majus and Phlox Drummondii come under detailed study in this paper. 
To carry on the investigations during the summer season, seeds were grown 
in pots containing soil from the winter beds. 

For microtome sections, the fixatives 2B and 2BE (La Cour, 1931) were 
used. Some sections were bleached with hydrogen peroxide, others were left 
untreated to study the distribution of fats. Thionin and orange G (Stoughton, 
1930), as well as lactophenol cotton blue (Hough, 1930), were used as stains. 


MycorrRuIZA IN TROPAEOLUM MAJUS 


Since soil conditions were proved to be of great importance in determining 
the parasitic and symbiotic tendencies of the endophytic fungus (Rayner, 
1921 and 1934; Reed and Fremont, 1934 and 1935), a study of the soil con- 
ditions seems to be essential. The soil samples were taken at different levels; 
the pH value, the carbonate content, as well as the humus content, were deter- 
mined as shown in the following table: 


Sample. pH value. Carbonate(%). Humus (%). 
I 78 3220 3°10 
2 76 3:08 ae 
3 7-6 3°08 Bere 
4 78 3°20 3°14 
Mean 77 3°14 3°17 


The pH value is high, the soil being alkaline; the humus content is definitely 
low. 

Tropaeolum majus shows a well-developed endotrophic mycorrhiza (Fig. 1). 
The fungus gains entrance through the piliferous layer (Fig. 2). The outer 
mycelium is usually septate with dense protoplasmic contents; it increases in 
thickness and the transverse septa disappear as the fungus grows deeply in 
the cortex. However, the fungus retains occasionally its transverse septa. 
The hyphae found at the outer cortical layers are usually rich in contents; 
while those situated in the deep layers are highly vacuolated and have poor 
contents. The tips of certain hyphae swell and form vesicules which are not 
delimited by transverse septa from the parent hyphae (Fig. 3). The vesicules 
are usually distributed all over the cortex; they are commonly seen in the 
intercellular spaces and occasionally inside the cells. Young vesicules have no 
vacuoles; they become at later stages of development highly vacuolated with 
shrinkage of their contents. 

The fungus forms mainly in the innermost cortical layer, very rarely in the 
cortical layer next to it, complete networks of very fine hyphae. These struc- 
tures or arbuscules appear as brownish masses in the living material; they 
occur as side branches of the intracellular hyphae (Fig. 4) and are not ter- 
minal. Ata later stage, the hyphae forming the network body lose their 
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Fic. 1. Part of transverse section of rootof Tropaeolum majus showing 
the piliferoys layer (Pi), intracellular and intercellular hyphae (hk, and 
hy), arbuscules and sporangioles (a), endodermis (en), and central 
cylinder (c.c). X 255. 


SSS AMT RSET 


Fic. 2. Radial longitudinal section of the cortex of Tropaeolum root 
showing root-hairs (7.h) and ingress of the fungus (h) by the piliferous 
layer (P.L), arbuscules (a) in different stages of digestion, outer (0.c) 
and inner (Z.c) cortical cells. X 235. 
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sharply defined structures and form sporangioles (Fig. 5). The host nuclei 
within the sporangioles undergo much hypertrophy with occasional change 
in shape. 
MyYcORRHIZA IN PHLOX DRUMMONDII 
The mycotrophic habit in Phlox Drummondu does not differ very much 
from that of Tropaeolum majus. However, the fungus forms most commonly 


Fic. 3- Longitudinal section of the cortical cells of Tropaeolum 
root showing an inter-cellular hypha (hk) bearing a vesicule (Vv) much 
vacuolated. x 687. 


intracellular hyphal clumps in addition to the usual arbuscules. The vesicules 
are very rarely met with and show occasionally transverse septa. The my- 
celium is always intracellular and the compound arbuscules are localized in 
definite layers. 

In both Tropaeolum majus and Phlox Drummondii no trace of the fungus 
has been seen in the aerial portions of the plant. 


IsOLATION EXPERIMENTS 


The young roots, after being washed thoroughly in running tap-water, were 
transferred into 1 : 1,000 mercuric chloride solution for a few seconds up to 
two minutes. They were then repeatedly washed in sterilized water and dried 
on sterilized cotton-wool. The sterilized roots were cut into small fragments 
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and transferred into Petri dishes containing different media. The media used 
(Fred and Waksman, 1926) were Richard’s solution agar, Brown’s starch 
synthetic agar, malt extract agar, raisin extract agar, and carrot extract agar. 
Malt extract agar was acidified by adding a few drops of N /10 HCI so as to be 


Fic. 4. Radial longitudinal section of the cortical cells of root 
of ‘Tropaeolum showing outer (0.c) and inner (i.c) cortical cells, 
arbuscules connected to the intracellular hyphae (h) by a side 
branch (h.s),and an arbuscule(s) in early stage of formation. X 407. 


on the acidic side to eliminate bacterial growth. Media were autoclaved for 
twenty minutes at a pressure of 1-5 atmospheres. 

The Petri dishes, containing the plant material, were incubated at 25° C. 
Hyphal tips were isolated by a sterilized needle and were transferred into 
slants of raisin, malt, and carrot extract agar. 


Fungi isolated from Tropaeolum majus. 

In the material which was treated in the corrosive sublimate for a few 
seconds, hyphal growth could be recognized after twenty-four hours incuba- 
tion. Among the fungi isolated were Aspergillus flavus, Aspergillus terreus, 
Penicillium expansum, Penicillium wortmant, Penicillium meleagrinum, Chae- 
tomium botrychotdes, Fusarium solani, Acrothecium lunatum, and Alternaria 
fasciculata. 

From the material treated with the sublimate from thirty seconds up to two 
minutes sterile mycelium was obtained; while in the material left for more 
than two minutes, no fungal growth was to be recognized within five to six 
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days. The sterile mycelium began to appear after the second day of incuba- 
tion and sometimes after the third or fourth day. The reason that the sterile 
mycelium was not isolated in the first case may be due to the fact that this 
fungus grows slowly and it is overgrown by the other fungi. 5 ) 
The sterile mycelium was grown on several media in Petri dishes and in 


Fic. 5. Tangential longitudinal section of root cortex 
of Tropaeolum showing arbuscules and sporiangioles in 
various stages of digestion. 466. 


test-tube slants and plugs. It was examined both macroscopically and micro- 
scopically. On malt extract agar in Petri dishes the colony is white with 
characteristic bracket-like patches and growth is fairly rapid. On oat-meal 
tube, after seven days, the colony becomes white, woolly, and elevated in the 
centre. On raisin slant it grows very slowly and the colony is usually brownish 
in colour. On potato extract agar the mycelium grows slowly and the colony 
is whitish in colour with elevated centre ; the characteristic bracket-like patches 
developed on malt extract agar are also recognized here. On carrot extract 
agar the mycelium shows vigorous growth; young colonies are woolly and 
whitish in colour; at a later stage the colony becomes greyish in colour and 
the medium itself becomes also grey. 

The microscopic examination of the fungus on the above media shows no 
spores or sclerotia. On raisin extract agar the mycelium is brown in colour 
and shows many swollen cells (Fig. 6). The cells are multinuclear, much 
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vacuolated, and rich in oil globules. The swollen cells show less vacuolation 
and richer fatty contents. The ordinary cells are about 30°8 p to 11° 5 w long 
and about 3-9 » wide. The swollen cells are about 9-8 to 5-9 u long and 9°8 to 
6-9 u wide. 


Fungi tsolated from Phlox Drummondii. 


In the roots treated with the corrosive sublimate for a few seconds hyphal 
growth was seen on the second and third days of incubation. The fungi 


Fic. 6. Part of the mycelium of the fungus isolated 
from root of Tropaeolum majus. X 510. 


Fic. 7. Part of the mycelium of the fungus isolated from root of Phlox 
Drummond. X 653. 
isolated were: Penicillium africanum, Penicillium meleagrinum, Fusarium scirpi, 
and Alternaria fasciculata. 

In the roots which were treated in the mercuric chloride solution for a time 
ranging from a few seconds up to thirty seconds, a fungus belonging to mycelia 
sterilia was isolated in most cases. It shows vigorous growth and orange-red 
colour on carrot extract agar; it causes the medium to change into red colour. 
It gives no spores on different media including raisin extract agar, potato 
extract agar, malt extract agar, and oatmeal agar. A part of the mycelium from 
carrot extract agar is shown (Fig. 7). 
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CULTIVATION EXPERIMENTS 

The cultures used were either Rayner’s nutrient agar (Rayner, 1915) or 
sand culture moistened with Melin’s nutrient solution (Melin, 1922). The 
flasks were either plugged with cotton-wool in the ordinary way or a Berkefeld 
filter (Aslander, 1930) was used. The cultures were autoclaved for twenty 
minutes at 1:5 atmospheres on three consecutive days. 

The seeds were transferred into 0:25 per cent. mercuric chloride solution 
and subjected to exhaustion for five minutes to remove air bubbles from 
around the seeds and to allow the disinfectant to penetrate through. Theseeds 
were left in the disinfectant for five minutes more after exhaustion. The seeds, 
after being passed through a series of sterilized water for washing, were trans- 
ferred into Petri dishes containing 1-2 per cent. agar in sterilized water and left 
for about three to four days. Contaminated seeds were rejected, while seeds re- 
maining free from contamination were transferred into the sand or agar culture. 

The Tropaeolum majus seedling, raised from sterilized seeds, grow normally 
and show good development of their root system in both the sand and agar 
cultures. ‘The aseptic seedlings were removed from the cultures and longi- 
tudinal sections were made in their roots; no trace of fungal hyphae was 
found. The aseptic seedlings show in advanced stages of germination slight 
withering and yellowing of their leaves. This fact suggests the possibility 
that these symptoms may be due either to the absence of the fungus or to 
the partial toxicity of the mercuric chloride. To test this idea, the follow- 
ing experiment was made. Sterilized and unsterilized seeds were sown 
separately on sand cultures in the same time and under the same cultural 
conditions. The seedlings, raised from sterilized seeds, showed the usual 
withering and yellowing of their leaves in advanced stages of germination; 
while seedlings of similar age raised from unsterilized seeds showed vigor- 
ous growth and large green leaves. Both seedlings were removed and sec- 
tions were made in their roots; no trace of the fungus was found in either 
cases. ‘Thus, it seems that the mercuric chloride is slightly toxic to the seed. 

Experiments on synthesis of host and parasite were made with both 
Tropaeolum majus and Phlox Drummondii. Sterilized seeds of T, ropaeolum 
majus were inoculated with the sterile fungus in both sand and agar cultures. 
The inoculated seeds began to germinate earlier than control seeds. When 
the roots of the inoculated seedlings were cut and stained, the fungus was 
found penetrating the root-cells and showed arbuscular formations. When the 
sterilized seeds of Phlox Drummondii were inoculated with the different isolated 
fungi and the roots of the resulting seedlings examined no trace of a fungus 
was observed. 

DISCUSSION 

The soil is definitely alkaline in contrast to the acid soil frequently recorded 
for mycotrophic plants (Asai, 1934; McLuckie and Burges, 1932). The 
fungus, outside the piliferous layer of the root, is narrow and septate; it be- 
comes non-septate with an increase in diameter after penetrating the root. 
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This observation together with those of McLennan (1926) and McLuckie and 
Burges (1932) suggest the possibility that the phycomycetoid character, ac- 
quired by the cortical endophyte, is a secondary character due to the digestive 
activity of the host cells with subsequent widening of the hyphae and loss of their 
septa. However, the endophyte occasionally retains its septation. The dimor- 
phism of the mycelium seems to be due to physiological differences in the host 
cells, rather than to the infection by two distinct fungi. Isolation experiments 
from Tropaeolum majus reveal no fungus of phycomycete nature. The fungus 
which appears to belong to mycelia steriliais very commonly met with during most 
isolation experiments. Aspergillus and Penicillium as well as species of Chae- 
tomium, Fusarium, Acrothecium, and Alternaria have been very rarely isolated 
and are considered as members of the soil epiphytic flora of the roots (Sabet, 
1935). These soil fungi may help in the breaking down of the organic material 
of the soil into water-soluble components available for the plant (Burges, 
1936). In summer, the unfavourable season for Tropaeolum majus in Egypt, 
the plant develops weakly while the endophyte grows very well and shows 
scarcely any trace of arbuscular formation; the endophyte seems to be more 
parasitic. In winter, the relationship is more of a symbiotic nature (Reed and 
Fremont, 1934-5). 

The mycotrophic habit in Phlox Drummondii is facultative with little 
difference between infected and uninfected plants. 


SUMMARY 
Both Tropaeolum majus and Phlox Drummondi showed well-developed 
endotrophic mycorrhiza when growing as. garden plants in a soil which was 
alkaline with a low humus content. The fungus, outside the piliferous layer, 
is septate; it becomes non-septate with an increase in diameter after penetrat- 
ing the root. Aseptic seedlings of Tropaeolum majus raised either in sand or 
agar cultures show a well-developed root system but no fungus. Synthesis 
between parasite and host succeeded with Tropaeolum majus. ‘The fungus 

appears to belong to the class mycelia sterilia. 


In conclusion, I wish to express my grateful thanks to Professor Y. S. Sabet 
for his valuable assistance and criticisms, to Professor F. J. Lewis for his un- 
failing help, and to A. A. Nayal for useful suggestions. 
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INTRODUCTION 


HE present paper describes the results of an investigation of the inter- 

action between phosphorus and potassium supply in certain important 
physiological processes of barley leaves, namely respiration rate, and nitrogen 
and carbohydrate metabolism. The primary object was to extend the ob- 
servations of Gregory and Sen (1937), who had already investigated the nitro- 
gen-potassium interaction, so as to include all three of the major nutrient 
elements. The investigation continued throughout the vegetative period in 
order to reveal interactions with growth-stage, and so give a wider view of 
the correlations involved. Very great differences in phosphorus and potassium 

[Annals of Botany, N.S. Vol. II, No. 6, April 1938.] 
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concentrations were utilized, leading to the production of extreme plant types. 
The whole of the experimental data are presented, and they may be approached 
from several points of view. Only one approach is attempted fully in the sub- 
sequent analysis, namely, that of the dependence of respiration rate on the 
intensity of the other factors investigated. But all important modifications 
of those other factors, due to treatment, are indicated, and in some instances 
the probable causes of such modification are incidentally referred to. 

The method of experimental approach employed may clearly be of con- 
siderable value in elucidating the vexed question of the necessity of phosphate 
in the respiratory processes of higher plants, and from this point of view it is 
perhaps surprising that its value has not hitherto been sufficiently appreciated. 
Evidence will be presented that the deficiency method is indeed capable of 
throwing considerable light on the problem. 


EXPERIMENTAL PROCEDURE 


As in previous experiments (Gregory and Richards, 1929; Richards and 
Templeman, 1936), barley, var. Plumage Archer, was grown in sand culture 
in the open. It was sown in the first week of May, 1933, and treated in the 
usual manner except for slight modification of the manuring scheme. The 
total amount of salts applied was only 81 per cent. of that in previous years, 
in order that the nutrition levels should agree with those adopted in the ex- 
periment of Gregory and Sen (1937). The actual amounts of salts in the 
standard nutrient in grams per pot were as follows: 

NaNO,, 7:37; Na,HPO,-12H,O, 2:04; K,SO,, 1-50; CaCl,-6H,O, 0°30; 

MgsSO,°7H,0, 1-01. 


{ron and manganese were also added. The nutrients were not applied in 
one dose as in previous experiments, but in three equal doses at fortnightly 
intervals, the first being given immediately after germination. Besides the 
standard set, five other nutrient combinations were used. In all these the 
amount of phosphate was reduced, and in three of them potassium also was 
proportionally reduced. Where sodium phosphate was reduced the requisite 
amount of sodium sulphate was added to bring the sodium level up to that 
of the standard. Sulphate was thus the only variable ion apart from those 
under investigation. 

‘The standard nutrient series will be designated P1K1, the letters referring 
to the variable elements in the experiment, while the numerals indicate the 
grade of deficiency of the particular nutrient, The suffix ‘2’ indicates that one- 
third only of the complete amount of the nutrient considered was applied; 
‘3’ that one-ninth, and ‘5’ that one-eighty-first, was given. The numbers are 
thus those of the terms of a geometric series having one as the first term and 
one-third as the factor. ‘P3K1’ therefore refers to a treatment in which all 
nutrients other than phosphorus were high, phosphorus being at one-ninth 
the standard level; similarly, in ‘P3K3’ both phosphorus and potassium_were 
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reduced to one-ninth of their standard amounts, other elements being at their 
standard level. Using this terminology, the treatments used in the experiment, 
together with the number of replicate pots, were P1K1, 70; P2K2, 70; P3K1, 
80; P3K3, 80; P5Kr, 100; and PsKs, 25. Owing to the large number of pots 
required in any treatment to obtain complete data, only 25 were available 
for series P5Ks5; in this series therefore the data are fragmentary, samples 
being taken only over the period of maximal effect. 

As in previous work, the experimental material consisted of the successive 
individual leaves on the main axis, and these were always sampled at the time 
of complete emergence. In practice this entailed a small amount of com- 
promise, since the rate of leaf emergence of plants treated identically varies 
slightly, and it was necessary to judge when the average leaf of each treatment 
was justemerged. Between treatments there were very considerable differences 
in the rates of leaf emergence; these increased during the life history, so that 
while the tenth leaf of PrK1 was sampled on July 8, that of P5K1 was not 
ready until August 16, five and a half weeks later. The first leaf was not 
sampled, and the remainder were collected on the following twenty-six 
sampling dates: 


TABLE I 


Dates of Sampling of Successive Leaves in the Various Treatments 


Leaf. PiK1. P2K2. P3Ky1. P3K3. PsKzy. aeons 
2 May 29 May 29 May 29 §©May 29 May 29 — 
3 June 5 June 5 June 7 June 7 June 8 — 
4 June 8 June 8 June 15 June 15 June 17 — 
5 June 15 June 17 June 21 June 21 June 28 — 
6 June17  June2o June29g /June2g July 8 July 8 
5) June 24 June 28 July 5 July 5 July 18 July 18 
8 June 28 July 3 July 12 July 12 July 26 July 24 
9 July 3 July 5 July 17 July 17 Aug. 7 Aug. 2 
10 July 8 July 10 July 22 July 22 Aug.16 Aug. 10 
II July 10 July 12 July 28 July 28 =~ — 


Usually 4-5 gm. of leaves were gathered at each sample to determine 
respiration rates. From every plant that had furnished a single newly 
emerged leaf, the previous leaf on the main axis was also at the same time 
collected; similar leaves were massed together for respiration determination. 
The respiration rate of each leaf from the third to the tenth in every treatment 
was thus determined on two occasions, namely, at the time of its complete 
expansion and also at the time of complete expansion of the succeeding leaf. 
In many cases the tips of the leaves from the very deficient series at their 
second time of sampling, or even a considerable portion of their distal ends, 
were shrivelled and dead. Dead parts were removed before weighing and 
determining respiration rates. Only in two or three instances was it necessary 
to remove the extreme tips of any leaves at the time of their emergence; these 


all belonged to series P5 Kz. 
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The method of determining the CO, evolved in respiration was identical 
with that adopted by Gregory and Sen (1937), and need not be repeated here. 
The thermostatically controlled box containing the leaf chambers was main- 
tained wheré possible at 25° C., but unfortunately several of the samples were 
taken on very hot days, so that the temperature of the laboratory rose well 
above this. In extreme cases the temperature in the leaf chambers rose to 
27° C. ‘Temperatures above 25° C. occurred on nine occasions (June 5, 7, and 
8; July 3, 5, 8, 10, and 24, and August 7), and in these instances the observed 
respiration rates have been adjusted to 25° C., assuming a Q,, of 2. 

Respiration rates were usually determined over two successive periods of 
three hours each, after which the leaves were placed in a ventilated oven at 
70° C., spread out on perforated trays and dried rapidly. Those taken at the 
time of their emergence were supplemented by a further number of similar 
leaves which had been collected at the same time as the respiration samples 
and immediately dried. The total material, 6-10 gm. of leaves, after drying, 
was sealed while hot in bottles and stored for nitrogen analyses. They were 
subsequently analysed by Mr. H. Said! for the following fractions: total 
nitrogen, total crystalloid nitrogen, and amino nitrogen. The difference 
between the two former gives an estimate of protein nitrogen. The methods 
of extraction and analysis were identical with those described by Richards 
and ‘Templeman (1936). 

Finally, at the time of sampling, two further duplicate lots, of roughly 1 gm., 
were also taken for the determination of total and reducing sugars. The leaves 
were weighed and killed immediately by plunging into boiling alcohol. Sub- 
sequently they were extracted in alcohol and the extract transferred to water, 
alcohol being removed by evaporation under reduced pressure at 30° C. The 
reducing power before and after hydrolysis by invertase was determined 
without clearing by the method of van der Plank (1936). The total sugar 
estimations do not include fructosans. 


EXPERIMENTAL RESULTS 
General remarks. 


The general symptoms of phosphorus and potassium deficiency have 
been described previously (Gregory and Richards, 1929, and particularly 
Richards and Templeman, 1936). The external symptoms developed in all 
the deficient series of this experiment, even when potassium was reduced 
proportionally to phosphorus, were those usually associated with phosphorus 
deficiency. As was shown by Verma (1935) it is necessary to reduce potassium 
to considerably lower levels than phosphorus in order to obtain a plant in 
which, judged by external symptoms, potassium and phosphorus are again 
balanced ; if the ratio is decreased further, symptoms associated with potassium 
deficiency may be obtained. The transition from one type of plant to the other 
is sharp. The lower the general level of phosphorus and potassium nutrition 


* These data were incorporated in a thesis for the D.I.C. degree in 1934. 
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the higher must be the P/K ratio in order to obtain balanced conditions be- 
tween these elements. The present P2K2 series differed from the PrK1 
in the direction of phosphorus deficiency, having reduced tillering rate 
and leaf size and a darker colour, with some tendency to anthocyanin 
formation. In the series P3K1 and P3K3 these symptoms were more marked, 
but plants from these two treatments were indistinguishable in appearance 
and also in their rates of development, so that all sampling dates for the two 
series were identical (Table I). The series P5K1 and Ps5Ks5 developed acute 
symptoms of phosphorus deficiency, grew slowly, remained very dwarf, and 
produced very few tillers. Throughout the main vegetative period they were 
indistinguishable, but on reaching the stage of stem elongation, when in some 
measure recovery from starvation symptoms sets in, differences became mani- 
fest. ‘The recovery in the series P5K5 was more rapid and complete than in 
the P5Kz, and by the time the tenth leaf emerged there was approximately 
a difference of one week in their developmental stage. Clearly at such low 
levels of phosphorus, excess of potassium and nitrogen is more detrimental 
than excess of nitrogen alone. 

Except at the lowest phosphorus level, it was usual for the plants to produce 
eleven leaves on the main axis. In series P1K1 an occasional minute twelfth 
leaf was produced ; for example, out of the twenty-three leaves taken at the last 
respiration sample, eighteen were last leaves while five were rather larger, 
with a very small twelfth leaf beyond. At the Ps level it was usual for ten 
leaves only to be produced, but occasional variation to nine or eleven was found. 


Leaf dry weight. 
The data for the average dry weights of the individual leaves at expansior 
are given in Table II. In all series, with the possible exception of P5K5 


TaBLeE II 
Mean Dry Weight of Single Leaves at Expansion, in mg. 


Leaf. 2. Be 4. 5. 6. ap 8. 9. 10. Tile 
PrKr 26:9 4499 «=59°0 66-7 88-4 14976 1854 163°0 1189 45°74 
P2K2 Ze Tes SO ms Ou arS 7 OMe 7 Osten OS 2am T 5 10mm 14 [1 88:8 23:6 
P3K1 22: [eo] eA Oe eA 7 2a 5025 87 OM 2O77 ee 1 I1:S Fy 3 23°0 
P3K3 20°38 261 36-1 39:6 61°8 84:3 114°7. 1080 69:8 21°8 
PsKr EA e337 125°S 20" £50°0 bos 42'S 504 44°6 39°2 == 
P5K5 eaaabets aa em MLR Vek ibe tet T ome SUAS 4 (S49 1.3L Oe 
maximum weight is attained by the eighth leaf. The rise in weight is fairl 
gradual up to leaf 5 or 6, then rapid to 8. A sharp decline occurs after leaf ¢ 
The general course is unaffected by the wide differences in nutrient treatment 
though the actual weights are very different in the various series. Difference 
due to phosphorus supply have appeared as early as leaf 2, and are large 1 
leaf 3, where the weight in series P1K1 is almost double that of P5K1 
Maximum differences occur in leaves 7-9, P1K1 giving a leaf some three anc 
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a half times as heavy as P5K1. In spite of the absence of easily observable 
differences between plants from series P3K1 and P3K3, the mean of a large 
number of replicate leaves discloses that there is a slight difference in size, 
P3Kz1 being throughout the series consistently rather heavier than P3K3. 
This difference is apparently real, having a statistical probability less than 
P =o-o1. At the P3 level therefore, reduction in potassium supply to a level 
proportional to that of the phosphorus leads to a further slight but real reduc- 
tion in individual leaf size. At the P5 level there is no statistical evidence of a 
real effect ascribable to difference in potash supply, but the small difference 
found is in favour of P5Ks, which is perhaps consistent with the better con- 
dition and faster development of plants in this series. 


Water content. 

The water content data at both stages are presented in Tables III and IV. 
Since treatment differences are comparatively slight, while at the same time 
a complex relationship to manuring exists, it is essential to present a statistical 


TaBLeE III 
Water Content (°% Dry Weight) at Time of Complete Expansion 
Leaf. 2. an 4. Ss 6. ve 8. 9. 10. II. 


PrKr 526 532 4909 475 470 431 391 318 272 271 
P2K2 528 519 483 438 498 433 386 312 275 261 
P3Kr 584 603 477 490 559 496 323 276 284 245 
Paks 1551 $707 "497. 517, 825. 473, 322" 243, 285) east 
PsKi 566 613 527 506 469 381 460 412 379 —_— 


Ee 450" 523° 70) 3140s ee 
TaBLe IV 
Water Content (°% Dry Weight) at Complete Expansion of Succeeding Leaf 
Leaf. ee 4. 5. 6. of 8. 9. Io. roe 


2 
Pikis 472, 478 472 499 440 386 314 284 ne 
P2k2_ 471 443 447 «4470 444 356 313s 2.46 = 
P3Kr — 506 456 491 520 420 300 274 297 = 
== 467 447 4540 543 396 = 324 289) 259. = 


P3K3 
P5Kr 497 469 494 415 456 456 406 
PsKs5 - = 491 392, 402 «378 = 370 = 


analysis. ‘The change in water content with leaf number is in all series similar 
to that observed in the fully manured series of previous experiments (Gregory 
and Richards, 1929; Richards, 1932). The largest effect of phosphorus 
deficiency is found in series P5K1, where at the time of full emergence all 
leaves, with the exception of 6 and 7, show higher moisture contents than cor- 
responding leaves from series P1K1. Analysis of the variance of the nine pairs 
of observations into that directly ascribable to leaf number, that to phosphorus 
supply, and the remainder, gives a ‘z’ value for the phosphorus effect of 1-012 
(5% point 0-836; 1% point 1-211). Hence there is no reason to doubt that 
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extreme phosphorus starvation leads to a slight but real increase in water 
content ; this difference is still noticeable at the time of the second determina- 
tion on the leaves. It may perhaps be emphasized that leaf 10 in series P1K1 
was sampled on the same day as leaf 6 of P5K1, and owing to the fact that 
water content falls rapidly in later leaves, the difference between the upper- 
most leaves from the two series on that particular day was very much greater 
than that between either leaf 6 or leaf 10 of the two treatments. Hence by 
comparing samples of leaves taken at the same time from plants differently 
treated regardless of the real growth stage attained, spurious results may easily 
be obtained. 

The change in water content brought about by difference in phosphorus 
supply, established above, is diametrically opposed to that found in previous 
work (Gregory and Richards, 1929), in which starvation to one-fifth the normal 
level produced a slight but consistent fall in water content. A precisely similar 
statistical analysis of those data to that adopted above, using the first deter- 
mination on each leaf, gives a ‘z’ value of 1054 (5% point 0-861; 1% point 
1:253). It appears then that the direction of the change induced by phosphorus 
deficiency depends on the degree of severity: a reduction in water content 
follows moderate, an increase extreme, starvation. The present P3K1 series 
with one-ninth the standard amount of phosphorus lies between these two 
levels, and moreover near a critical level, for the slight average positive 
deviation in water content from the P1K1 value is quite without statistical 
significance. 

There is no doubt therefore that a complex relationship exists between 
leaf water content and phosphorus supply, reduction or increase in succu- 
lence being obtained according to the degree of starvation, and even at some 
levels according to the period in life history. Similarly a complex interaction 
is found between potassium and phosphorus supply. It has been shown 
(Richards and Templeman, 1936; Gregory and Sen, 1937) that with the type 
of nutrient solution used (rich in sodium),' water content increases progres- 
sively with decreasing supplies of potasstum, when all other nutrients are 
maintained at high level. This increase of water content with decreasing 
potassium supply does not hold at lower phosphorus levels. For example, at 
the P3 level a reduction in potassium from Ki to K3 leads to no appreciable 
change in water content, the mean value over ten leaves being 2:2 per cent. 
lower in series P3K3 than P3K1, and 1-6 per cent. higher in series P3K3 than 
in P1K1. These differences do not approach significance. At the P5 level, 
on the contrary, a lowering of potassium supply from Ki to Ks leads to a 
pronounced lowering of water content in the later leaves, where alone data 
are available. The fall is clearly real, and occurs at both stages of every leaf 
observed. Even using alone the five pairs of observations at the time of emer- 
gence, a ‘2’ value of 1-577 (1% point 1:527) is obtained for the potassium effect, 


’ Later work has emphasized the importance of the kations in the culture solution. A 
preliminary resumé of these developments has been made by Gregory (1937). 
9666 Kk 
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while yet higher significances may be obtained by including leaf age as a 
third variate in the analysis. The change in water content induced by 
reduction of phosphorus is thus approximately eliminated by a proportional 
reduction in potassium supply, and vice versa; the effects of the two nutrients 
are in no way additive. Extreme reduction in phosphorus (nitrogen and 
potassium at high level) leads to a pronounced increase in water content, 
while previous work has shown that extreme reduction in potassium (nitrogen 
and phosphorus at high level) produces yet greater succulence; simul- 
taneous reduction in both phosphorus and potassium (nitrogen at high level), 
however, causes very little change from normal. The two nutrients, phos- 
phorus and potassium, do not act independently; but an important factor is 
undoubtedly their relative concentrations in the culture solution. Balanced 
levels of the two nutrients result in almost uniform water content regard- 
less of their absolute level. Thus the mean values for leaves 2-11 are as 
follows: P1rK1, 418; P2K2, 413; P3K3, 424; while the means for leaves 6-10 
are: PrK1, 376; P2K2, 381; P3K3, 375; P5Ks5, 352.! At moderate deficiency 
levels, change of the P/K ratio from the balanced value results in a change of 
water content in the same sense; while in extreme deficiency, deviation of the 
ratio from the balanced value in either direction leads to considerably 
increased water content. 


Respiration rate. 


In general the rate of CO, evolution of every batch of leaves was determined 
in each of two successive periods of three hours. To economize space these 
results are not presented in full. It may, however, be observed that the mean 
value of the respiration rate in the second period is 84 per cent. of that in the 
first, that the fall is greatest in the P1Kz1 series, and that in all treatments it is 
greater in early than in later leaves; the results thus completely confirm those 
of Gregory and Sen (1937). There is strong evidence that the rate of fall is 
closely related to the actual respiration rate, i.e. respiration in a leaf with a high 
initial rate tends to fall more rapidly than in one with a low initial rate. This 
agrees with the hypothesis that the substrate is used more rapidly in the 
former than the latter, but no definite evidence is found that the rate of fall is 
closely related to the actual sugar content of the leaf. 

Yemm (1935) states that in excised leaves of barley, respiration rate rises 
during approximately the first twelve hours. The present experiments, and 
those of Gregory and Sen, demonstrate that this is not a general phenomenon, 
nor indeed a usual one. The leaves used by Yemm were among the last 
produced before the ear, and they were sampled not at the stage immediately 
following expansion but considerably later. With the possible exception of 

* The fact that this figure is rather lower than the others is not likely to be significant, since 
it depends on one determination only, that of leaf 7. This particular leaf was the only one in 
the series from which it was necessary to remove dead and shrivelled tips; hence the distal 


portions probably had considerably reduced water content. Omitting this leaf the comparison 
of the remaining four gives: P1K1, 363; P2K2, 368; P3K3, 351; Ps5Ks5, 360. 
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leaves from extreme nitrogen-deficient treatments, such late leaves advancing 
towards senescence would appear to be the only ones in which a rising rate 
may be found, and even so the rise is slight; a rapid fall is more frequent. A 
further possible explanation of the difference is that while Yemm’s leaves were 
collected in the late afternoon, those of the present experiment were sampled 
some five hours earlier, at approximately 11 a.m. The consequent difference 
in carbohydrate content, and a possible water deficit difference, may be factors 
concerned. Even the amount of handling undergone by leaves would appear 
to influence the early course of respiration after excision (Audus 1935, 


Godwin 1935). 


TaBL_e V 
Rate of Respiration (mg. CO, per gm. Dry Weight per Hour) at Time of 
Complete Expansion (25° C.) 


Leaf. oe 3: 4. 5. 6. oe 8. 9. 10. II. 
PrKr 816 ~ 673 G05 =. 6:23 5°72 4°88 S30me 414 42k e152 
P2K2 7907 652205 O11 3 °5-34° 5:90 TB-60. 4:25- 59°72 A n67 | 9-977 
P3Kr GOT 549 495. 4°52. 4°72% 93°87 3°72! 3°85. 3°93 368 
P3K3 605 5:29 «5°61 4°84 516 466 3°89 3:96 4:20 4:16 
P5K1 556" 4°73" 24°07 4080S 345° 3°55. ks 00 A 2-67 3703 be 
PsKs5 — a <4 = 5 SOWMRI6. 5371260 4:10 = see 
TABLE VI 


Rate of Respiration (mg. CO, per gm. Dry Weight per Hour) at Time of 
Complete Expansion of Succeeding Leaf (25° C.) 


Leaf. 2. ae 4. e 6. The 8. 9. 10. Ti. 
PiKr orgies 55 ky 2226 O40 Mae 74> 5°75) “4IGe 3°86" | eee — 
P2Kz2 3588543. 5°36) E456 5:90. 44d 317 ag Pe ee 
P3Kx1 a PAO0T G00" 4°43 3°55 P= 3°01" 9°41 3°33 200 Be 
P3K3 e479) 13) 420 420 344 3°75" 3'Or 5700 Bae 
PsKt1 Se ESE ete Sear hat p Blac Adc hale ee a Geueaie Fe So ae = ra 
P5Ks5 as pe Be 3 008-339" 52550 See 07 ees 50 ome oo 


The mean respiration rates over the six-hour period are presented in Tables 
V and VI and in Figs. 1 and 2, Table V and Fig. 1 giving the rates in terms 
of leaf dry weight at the time of complete expansion, and Table VI and Fig. 2 
the rates at the time of expansion of the next succeeding leaf on the main axis. 
The curves in Fig. 1 are nearly parallel and widely spaced. Maximum respira- 
tion rate is recorded in the second leaf, later successive leaves in all treatments 
showing a steady decline to leaf 8 or 9, with a tendency in some at least to rise 
slightly again in the last leaf or two. The effect of phosphorus deficiency is, 
already pronounced at the second leaf, P1 having the highest rate and P5 the 
lowest. These differences are maintained throughout the leaf series. Analysis 
of the total variance of the twenty-six degrees of freedom obtained from 
leaves 2-10 of series Pr K1, P3K1, and P5K1 into that representing differences 
in phosphorus level (two degrees), that due to differences among the various 
leaves (eight degrees), and the remainder on which the estimate of error is 
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based (sixteen degrees), gives a ‘z’ value of 2069 (1% point o-914) for the 
phosphorus effect and one of 1°557 (1% point 0-679) for the effect of leaf 
number. The differences between treatment means are as follows: 
PrK1—P3Kz1 = 1-10-0°167 
P3K1—P5Ki = 0-75-+0:167. 
There is therefore no question of the reality of the phosphorus effect over 
the whole range of levels considered, and the absence of effect reported in a 
previous paper (Gregory and Richards, 1929) was clearly due to the slight 
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Fic. 1. Respiration rates of the various series for successive leaves at emergence. Histo- 
grams give treatment means. Nomenclature: P, phosphorus; K, potassium. Suffixes: 1, 
full supply; 2, $ supply; 3, $ supply; 5, s4, supply. 


degree of deficiency investigated, to the fact that all the nutrients were applied 
at the beginning, and to the larger sampling error involved in the use of very 
small amounts of leaf material. 

The eight degrees of freedom representing leaf number differences may be 
further subdivided into one representing the linear regression of respiration 
rate on leaf number, and seven representing deviations from that regression. 
A comparison of these two variances gives a ‘z’ value of 2-11 5 (1% point 
1-253) for the regression, while that due to the seven degrees of freedom 
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representing deviations from the regression is not significantly greater than 
that of the sixteen ascribed to general error (‘z’= 0:433; 5% point 0-492). 
On the average therefore a uniform decrease in respiration rate with leaf 
number gives a fairly adequate representation of the data. But it must be 
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Fic. 2. Respiration rates of the various series for successive leaves at the time of emergence 
of the next succeeding leaf. Histograms give treatment means. Nomenclature: P, phosphorus; 
K, potassium. Suffixes: 1, full supply; 2, $ supply; 3, $ supply; 5, gz supply. 
remembered that replicate determinations were not made, and therefore that 
there is confusion in the above analysis between variance caused by real 
interaction between phosphorus level and leaf number and that strictly 
attributable to error. This may be investigated by determining the individual 
regressions of the three treatment curves. All three prove to have highly 
significant linear regressions, but when a parabola is fitted to the data the 
extra goodness of fit over that given by the straight line is negligible in series 
PiKx but highly significant in series P3Kx (‘z’= 1-380; 1% point 1:253) and 
in P5Kz1 (‘z’= 1°159; 5% point 0-895; 1% point 1-310). In these two deficient 
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series, therefore, the fall in respiration rate with leaf number is considerably 
greater among early leaves than later, and the tendency of the observed rates in 
the last leaves to show a secondary rise is probably real, at least in series P3Kr. 

It has been shown previously that at high levels of nitrogen and phosphorus, 
reduction of potassium supply leads to a considerable increase in respiration 
rate. [he present data demonstrate that when phosphorus is maintained at 
one-ninth its standard level a corresponding reduction in potassium is again 
reflected in increased respiration rate. The increase of P3K3 over P3K1 is 
not nearly so great as that previously found at high phosphorus levels, the 
mean increase being less than 7 per cent. and the maximum three times as 
great. But the difference is found consistently after the third leaf, and an 
analysis of the variance of leaves 2-11 in the two treatments shows that it 
must be considered real: the ‘z’ value representing the potassium effect is 
1'147, the 5% point being 0-816, and the 1% point 1-179. On the other hand, 
the four comparisons available at the Ps level appear to indicate that here a 
proportional reduction in potassium to that of phosphorus is without appreci- 
able effect on respiration rate; the difference between the treatment means is 
only 1-4 per cent. The corresponding difference at the time of expansion of 
the next succeeding leaf is 3-7 per cent. in favour of P5K5 ; this difference does 
not approach significance, and if real is likely only to express the fact that 
leaves of the series P5K1 age earlier than those of the Ps5Ks5 series. It was 
found by Gregory and Sen that very low levels of nitrogen mask the potassium 
effect completely ; it appears then that nitrogen and phosphorus are alike in 
that deficiency of either nutrient leads to considerable reduction in respiration 
rate, and that extreme deficiency of either completely eliminates the potassium 
effect. These two nutrients have many other effects in common opposed to 
those of potassium (cf. Richards and Templeman, 1936). 

When phosphorus and potassium are simultaneously reduced respiration 
rate likewise falls. An analysis of the respiration values of leaves 2-11 in 
series PiKr, P2K2, and P3K3 gives a ‘z’ value of only 0-620 for the treatment 
effect, the 5% point being 0:634; but the standard error reveals that the greatest 
difference, that between P1K1 and P3K3, is likely to be real, i.e. 0-649-++0:247. 
In leaf 11 the values are somewhat erratic and necessarily more uncertain 
than the others, and if this leaf be omitted from the analysis ‘z’ reaches a value 
of 0°979 (1% point 0-914). It is now found that the difference between the 
means of PrKr and P2K2 reaches significance level (0°445-+0-197), though 
that between P2K2 and P3K3 is still only o-291-++0-197. It has been shown 
that P3K3 has a significantly greater rate than P3Kz1, while there is little 
difference between P5K5 and PsKxr. It may therefore be concluded that 
respiration rate falls on simultaneously reducing phosphorus and potassium 
below the level in P1K1, but that the rate of fall at moderate levels is not so 
great as when phosphorus alone is reduced; as starvation becomes acute 
simultaneous variation of phosphorus and potassium leads to more rapid 
change in respiration rate than does variation of phosphorus alone. 
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It may be of interest to point out that if the respiration values of the indivi- 
dual leaves are plotted against time from germination (date of sampling) 
instead of against leaf number as in Fig. 1, the manurial differences found in 
the early stages of life history rapidly diminish. Thus between July 8 and 12 
were sampled leaves ro and 11 of P1K1 and P2Ka, leaf 8 of P3K1 and P3K3, 
and leaf 6 of P5Kz and PsKs. At this time therefore these particular leaves 
were the ‘dominant’ leaves, i.e. the uppermost expanded leaves on the main 
axis. Their respiration rates were as follows: P1K1, mean, 3°75; P2Ka2, mean, 
4:22; P3K1, 3-72; P3K3, 3-89; PsK1, 3:45; and PsKs, 3:56. The value for 
leaf 11 of P2Ka is clearly too high, the rate of the tenth leaf on July 10°being 
3°67. It appears then that had respiration rates of the youngest leaves from all 
series been compared at certain specified times, regardless of the stage of 
development reached, the conclusions drawn concerning the effect of 
phosphorus would have been very different from those given here. It may 
be stressed therefore that when investigating the effect on some process of a 
variable factor which affects the developmental rate of the plant, a comparison 
between data obtained from the various treatments by sampling all at the 
same time may give an entirely false representation of the real effect of that 
factor (cf. Richards, 1934). 

Table VI and Fig. 2 give the respiration rates of the leaves at the time of 
their second sampling, i.e. at the time of complete emergence of the next 
succeeding leaf. The results are very similar to those already presented and 
will not therefore be described in detail. The same types of difference be- 
tween treatments and between successive leaves are found. The curves for 
series P1K1, P3Kz1, and P5Kr are more widely spaced than previously, and 
there is again strong indication of a potassium effect at the P3 level after 
leaf 5, but none appears at the P5 level. At these lower levels of nutrition 
the treatment curves are nearly parallel to and lower than the corresponding 
curves in Fig. 1. It may easily be demonstrated that this fall in respiration 
rate with leaf age is real in all four series at the P3 and Ps levels, while in series 
PrKr it is only in later leaves that a consistent fall in respiration with leaf age is 
found—whereas a possible rise occurs in the earlier leaves. The observed 
difference in behaviour with age between leaves from the P1 K1 series and those 
from deficient series may be largely spurious; for under deficiency the absolute 
length of life of any particular leaf is considerably less than under conditions 
of complete nutrition, while the rate of leaf production is much reduced, so 
that the absolute difference in time between the two observations in any leaf 
is considerably greater in the deficient series. In consequence, the second deter- 
mination on a leaf in the P1K1 series is made before senescence is advanced, while 
under starvation it is made at alater stage of the leaf, when in fact a con- 
siderable portion of the distal end has already died. ‘The manurial differences 
at this second determination are therefore confounded with age differences, 
and the latter act in such a way as to exaggerate the direct treatment effects. 

By way of summary, a general picture of the phosphorus-potassium 


504  Richards—Physiological Studies in Plant Nutrition. VIII 


interaction in respiration rate at the time of leaf expansion may be con- 
structed. For this the mean treatment rates between leaves 2 and 10 have 
been used, that of series P5K5 being assumed identical with P5K1; for the 
later leaves provide no evidence of respiration differences between the two 
series, and it is unlikely that the earlier would do so, so that the treatment 
difference between these series must be very slight. Two extra points may 
be obtained from the results of Gregory and Sen’s experiment, conducted 
under identical conditions but in a previous season. The series N1K3 and 
N1Ksg of Gregory and Sen occupy positions P1K3 and P1Ks5 in the present 
scheme, and to these is applied a small correction for seasonal difference, 
proportional to the relative values of respiration found in series P1Kz1 and the 
identical treatment N1Kz1 of the previous year. There are thus, in all, eight 
treatment points, three of which represent a phosphorus series, three a potas- 
sium, and four a series in which both vary proportionally. Stating phos- 
phorus and potassium levels in the conventional terms used here (P or K =1, 
2, 3, 4, or 5) a parabola may be fitted to both variables to represent their 
general relationship, and also a linear term to the ratio of phosphorus to potas- 
sium in order to give expression to the interaction. The derived equation is: 


Respiration rate = 5:521—1:668 P+-0-1256 P?-+-1-472 K—o0:1763 K? 
+0°4593 P/K. 


The regression has a multiple correlation coefficient of 0-991. Contours 
of equal respiration rate over the whole treatment range, derived from the 
equation, are shown in Fig. 3, and all important features of the interaction, 
established above, are there represented. The very different relation of the 
two nutrients to respiration is well brought out. As phosphorus decreases 
(P1K1-P5Krzr) respiration falls, rapidly in the early stages of deficiency, more 
slowly later; while as potassium decreases (P1K1-P1Ks5) respiration rises to 
a maximum at about K4 level, falling slightly to Ks level. At yet lower 
potassium levels (Richards, 1932) the decline in respiration rate due to carbo- 
hydrate limitation is known to continue, as would also occur in the diagram 
if this were extended beyond the Ks side. At the P3 level changes in respira- 
tion rate with potassium are much slighter, but of the same form, while at the 
Ps level they are practically non-existent; in fact the surface in this region is 
nearly flat, and if the diagram were continued beyond the Ps side the next 
contour line, 3-5, would not be reached over the whole potassium range, for 
the surface again rises. Along the diagonal series P1K1 to P5Ks5 the rate of 
fall increases with the degree of deficiency, being at first considerably less 
than along the Kr side, but later greater. Relative to phosphorus supply the 
rates of change in these two directions are approximately equal at the P3Tevel, 
It may also be observed that the line joining combinations with the same re- 
spiration rate as series P1K1 passes very close to P2K3 and thereafter runs 
nearly parallel to the potassium axis. his line is of the same form in the 
diagram as that found by Verma (cf. p. 494) connecting treatments which 
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produce plants having external characteristics similar to those of P1Kz, 
differing only in size, and showing no marked external symptoms of either 
phosphorus or potassium deficiency. It appears that such balanced combina- 
tions produce little deviation from the normal in respiration rate, but that a 
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Fic. 3. General interaction of phosphorus and potassium supply as affecting leaf respiration 
rate. Contours show mean respiration rate of leaves 2-10 (mgm. CO, per hour per gm. dry 
weight at 25° C.). P1-Ps, diminishing phosphorus; K1—Ks, diminishing potassium. Circles 
indicate experimental combinations from which regression is derived. 
change fro.n such a balanced condition to any other producing external 
symptoms of potassium deficiency involves increased respiration, while a 
change leading to symptoms associated with phosphorus deficiency similarly 
involves a lowering of respiration rate. Finally, while the diagram represents 
adequately the average treatment effects over all leaves, the early leaves, and 
also the latest, have relatively smaller respiration differences, while those pro- 
duced in the middle of the vegetative period have more pronounced differences, 
than are indicated by the diagram. The interactions with leaf number are 
relatively unimportant, so that the diagram represents closely the respiration 
rate at all stages of growth except that the absolute magnitudes will be differ- 
ent. Apart from these changes in magnitude, the most important change with 
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leaf number concerns the position of the maximum along the Px side. In the 
first and last leaves this is apparently shifted beyond the Ks limit of the dia- 
gram, and rising rates are found over the whole K1—-Ks5 range; while at the 
stage when minimum internal carbohydrate levels occur the ridge presumably 
shifts in the opposite direction (Gregory and Sen, 1937: Richards, 1932). 


Nitrogenous compounds. 


To economize space the remaining experimental data are presented briefly. 
(a) Total nitrogen (Table VII). It was found previously (Richards and 
Templeman, 1936) that with a moderate degree of phosphorus deficiency, 


Tas_e VII 
Total Nitrogen Content (°%% Dry Weight) 
Leaf. Ge 4. 5. 6. ak 8. 9. 10. site 


PrKr 539 465 4°61 404 3°64 304 12st 3-47 
P2K2 5:18 6423, 3°84 3°92, 3°68 326346 355517 
BSR BEY 5 bmmew4 42 oh 23°67 "400 Daeg -60-nee 4:09. oS pmnn gOS igs 
P3K3° 4663-830 55-37, 550 3°79 300 3-33. 3-87-48 
PsKr 4:22 418 4°19 4°01 310” 3:04. 4°47 4-0 za 
PsKs — = = AQUD 2°30 05 345. 96°77 = amt =. 


approximately level P3, total nitrogen content is reduced. The present results 
confirm this, but at the Ps level the average content of the leaves is again as 
high as in series P1K1, the mean values for leaves 3-10 being: P1K1, 4:08; 
P3K1, 3:64; P5K1, 4:02. It may be shown that on the average the minimum 
at P3 is real, but there are large interactions. Thus the excess nitrogen content 
of series P1K1 over that in both series P3Kz and P5Kr decreases significantly 
with leaf number, while that of series P3Kr over P5Kz is at first positive and 
later negative, but the trend does not quite attain the significance level. The 
leaf means from the three series also fall significantly with leaf number. The 
main effects of phosphorus deficiency may therefore be summarized as follows: 
(1) in early leaves progressive P deficiency leads to progressive reduction in 
nitrogen content; (2) at the P3 level the general fall with leaf number is not 
so pronounced as in series P1Kz1, so that later eaves of the two series P3Kr1 
and P1Kr show no appreciable difference in nitrogen content; (3) at the Ps 
level the change with leaf number is largely eliminated and although the earlier 
leaves have lower nitrogen contents than those from higher phosphorus 
levels, the later leaves have the highest nitrogen content of any. 

No significant difference can be demonstrated between the nitrogen con- 
tents of series P3K1 and P3K3, or of PsKr and P5Ks, but it is probable that 
P3K3 contains rather more than P3Kr. The values for leaves 5 and 6 are 
unusually high in P3K3, and lead to a large estimate of error. 

(6) Protein nitrogen (Table VIII, Fig..4). A considerable, progressive, and 
very highly significant decrease of protein nitrogen with phosphorus deficiency is 
found throughout the main vegetative period between series P1K1, P3Kzy, and 
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PsKy, but from leaf 8 onwards the differences are smaller and here it appears 
that minimum contents are found at level P3. An interaction evidently 
obtains, somewhat similar to that in total nitrogen, but to a lesser extent. 
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Fic. 4. Protein nitrogen contents of successive leaves at emergence. Histograms give treat- 
ment means. Nomenclature: P, phosphorus; K, potassium. Suffixes: 1, full supply; 2, 4 
supply; 3, 9 supply; 5, sy supply. 


TaBLe VIII 
Protein Nitrogen Content (°% Dry Weight) 


Leaf. 2h 4. i. 6. 7 8. 9. 10. II. 
PiK1 4:16 3°85 3°85 3°81 3°00 2°48 2°61 2°69 2°92 
P2K2 4:11 3°49 3°18 2°95 2°88 2°60 2°93 2°96 oe 
P3Kr 3:28 B27 2°95 2°63 PIXE 2°14 2:06 2°20 2°93 
P3K3 3°40 2°65 4°04 3°99 2°56 2°07 2°41 2°52 2°64 
PsKr 3°26 2°48 1°85 Bale 1°58 2°20 2°41 2°40 — 
P5Ks5 ee aa _ 2°28 1°52 1°93 206 2°29 = 
Both the linear and quadratic regressions on leaf number are highly signi- 
ficant, hence the rapid drop in protein content between successive early leaves 
is not maintained throughout life history, but may be replaced by a rise. 
These relations are similar to those already found for respiration rate. 

The mean difference in protein content between series P3K1 and P3K3 is 
10 per cent., and is in favour of P3K3. This cannot be demonstrated to be 
real, mainly because the very high values in leaves 5 and 6 of P3K3 make the 
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estimate of error large, just as with total nitrogen. Nevertheless, it is probable 
that a real effect is indicated and that considerable interaction exists; for any 
deviations from the normal induced by simultaneous reduction of phosphorus 
and potassium to the level P2K2 may be expected to reappear on reduction 
to the level P3K3, the effects probably being exaggerated and occurring earlier 
in the life-cycle. Now the departures from the normal in the successive leaves 
of P2Kz form a fairly regular series, progressive relative reduction in protein 
being found to leaf 6, followed by gradual recovery, so that the last three 
leaves have super-normal contents. This course is repeated in an exaggerated 
form in series P3K3 between leaves 3 and 6, relative protein content subse- 
quently declining. Again, the irregular course of the curve for series P3K3 is 
closely and inversely simulated by the corresponding curve in reducing sugar 
content, derived from independent samples, a correlation which will receive 
more attention later. It is. unlikely therefore that the error in this series is 
considerably larger than in others, as would appear at first sight, and that in 
fact a large interaction effect exists. 

As between series P5K1 and Ps5Ks it is again impossible to demonstrate 
a potassium effect, but the actual difference found is in favour of series P 5K1. 
The general course in these two series is interesting, since the consistent rise 
from leaf 7 to 10 may readily be shown to be real; there is definite evidence 
therefore that at this phosphorus level a real recovery in protein content occurs 
in later leaves. 

(c) Amino nitrogen (Table IX, Fig. 5). Decreasing phosphorus supply 
leads to rapidly increasing amino-nitrogen contents over the whole treatment 


TasLe IX 
Amino Nitrogen Content (°/, Dry Weight) 
Leaf. B.. 4. 5. 6. Fle 8. Q. 10. FPR 


PrKr 0°367 0'419 0°496 0307 0:234 ~=— 0220 0196 O-149 O'r52 
Paka 0°342 0°375°  0°466 0°394 0343-0323. «0239-199 
P3Kr 0453 + 0'515 0-609 O'A35 PPO SIOST O4 ISS 6O'346 0:572 oss 
P3K3 0-609 0-634. 0765541 0605 0°478 = 0437 06420-7724 
PsKr 0-472 ©0'872 0962 0°796 0:626 0707 0806 0786 — 
PsKs5 = = = 1033, 0602 «0738 = 0-774. 0802 wis 
range, the rise from series P3Kr to P5K1 being considerably greater than that 
from series PrK1 to P3Kr. Interactions with leaf number exist: thus the 
excess amino content of either series P3K1 or P 5Kz1 over PrK1 increases very 
significantly with leaf number, showing that the effect of phosphorus defici- 
ency 1s 1n general progressive throughout the life-cycle. In series P1Kr the 
general decline with leaf number is also highly significant. These results 
completely confirm those found previously (Richards and Templeman, 1936). 
The series P3K1 and P3K3 are remarkable in that all fluctuations in one are 
accurately reproduced in the other, and the curves are parallel, that for P3K3 
being always above. These particular treatments were sampled on the same 
days throughout, and it appears that the minor fluctuations found are mainly 


Richards—Physiological Studies in Plant Nutrition. VIII 509 


real, probably representing weather or other conditions common to the two. 
As a consequence, the estimate of error is extremely low and it is possible 
to demonstrate not only that the potassium difference is very highly significant, 
but that the maximum at leaf 5 and also the minimum at leaf 9 are real. A 
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Fic. 5. Amino nitrogen contents of successive leaves at emergence. Histograms give treat- 
ment means. Nomenclature: P, phosphorus; K, potassium. Suffixes: 1, full supply; 2, + 


supply; 3, 3 supply; 5, supply. 


similar maximum at leaf 5 is found in all other treatments. Under moderate 
phosphorus feficiency, therefore, amino content increases in the early leaves, 
declines to a minimum and again rises sharply in the last leaf or two. This 
secondary rise to a very high level was observed in previous work. A similar 
but more exaggerated course is found at the Ps5 level, but here there is little 
evidence that a corresponding reduction in potassium leads to any change in 
amino content, agreement between the two treatments being very close. ‘The 
highly significant increase brought about by reduction of potassium at the P3 
level amounts to 23 per cent.; this is not a large effect, for a similar reduction 
of potassium at the P1 level has been shown (Richards and Templeman, 1936; 
Gregory and Sen, 1937) to produce increases of amino nitrogen up to and 
exceeding 100 per cent. 


510 Richards—Phystological Studies in Plant Nutrition. VIII 


Carbohydrates. 

Copper reducing-power was estimated before and after hydrolysis by 
invertase. Reduction before hydrolysis is taken as the measure of free hexoses, 
and that after hydrolysis as the measure of total sugar, the difference giving the 
estimate of sucrose. In Tables X and XI are presented the contents of sucrose 


TABLE X 
Sucrose Content as Equivalent Hexose (°% Dry Weight) 

Leaf. Qe 4. 5. 6. ae 8. 9. 10. Ir. 
PrKi 12°3 16-2 13°8 113 12:0 14°4 10'0 103 5°3 
P2K2 13°4 16-1 a2 12°9 11-4 11°8 T2a7 5'I 8-7 
P3K1 10°9 14°0 81 16°5 6:9 10°0 9-0 8-4. 5°5 
P3K3 8-2 12°9 I1‘2 10°8 se eee II-3 13'0 8-6 6:6 
PsKr 6:8 5°5 9°8 114 12°7 12°1 GRE es) =a 

TABLE XI 

Reducing Sugar Content (°%, Dry Weight) 

Leaf. 3: 4. Bo 6. Ge 8. 9. 10. Ir. 


PrK1 O'91 1°23 1°33 IIo 1°65 1°45 1°40 1-67 1°52 
P2K2 I'Io 1°58 1°34 1°47 1°56 1°62 1°59 108 1°49 
P3K1 1°31 Apis] 1°74 1°97 I-o1 1°21 1-72 I-71 1°16 
P3K3 1°05 SSI) 161 1°62 1-80 2°38 1°72 1°41 I°l7 
Ps5Kr 1°49 1°50 2°16 1°59 1:98 1°86 0-90 o'9gI — 
and reducing sugar respectively in terms of dry weight, and by addition the 
content of total sugar may be obtained. The observed differences are generally 
not so great as with the nitrogen fractions, but there are considerable inter- 
actions between leaf number and treatment. The main characteristics are 
discussed very briefly below. 

(a) Total sugar and sucrose. The following remarks apply equally well to 
both variables. Leaves 6 and 7 are the only ones in which the content is as 
high in series P5K1 as in P1K1, the mean values (leaves 3-10) in series P5 Kx 
being 25 per cent. (total sugar) and 29 per cent. (sucrose) below those in 
PrK1. The means of series P3K1 are intermediate. Very large interactions 
occur, and while PrK1 and P3K1 behave somewhat similarly through the 
leaf series, the genera! course in series PsKr is much modified. In series 
P1Kzr a fairly uniform decline occurs with leaf number, and the negative 
correlation is highly significant. A similar fall occurs in series P3Kr1; the data 
are here more irregular and do not quite attain significance level, but the mean 
value of P1K1 and P3Kx falls more regularly with leaf number than does either 
individually. In series P5K1, on the contrary, direct correlation with leaf 
number is absent, but a parabola with its maximum between leaves 6 and 7 
gives a good and highly significant fit. Clearly series P5Kr has a lower sugar 
content than PrKr in early and late leaves, but at the critical period of growth 
when protein synthesis is minimal, and little carbon js passing into the nitrogen 
cycle, sugar content rises and becomes approximately normal. 
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(6) Reducing sugar. The general relationships among the reducing sugar 
data are largely the inverse of those in sucrose. The mean reducing sugar 
content rises with phosphorus deficiency, the mean of leaves 3—10 being over 
20 per cent. higher in series P3Kr than in P1Kz, and over 15 per cent. higher 
in series P5Kx than PrK1. In P5Kx low values are found in the last two leaves, 
g and 10, and omitting these the value for series P3K1 is 23 per cent. in excess 
of P1Kz1, and for series P5K1 38 per cent. in excess. Again large interactions 
exist. ‘Thus reducing sugar content in series P1Ki rises fairly uniformly and 
highly significantly with leaf number; that in series P3K1 shows a slight trend 
with leaf number in the direction of a fall; while the relationship in series 
Ps5Kr is again approximately parabolic. A parabola with its maximum centred 
about leaf 6 gives a total fit which is just not significant, though the quadratic 
contribution is itself above significance level. 

(c) Sucrose; reducing sugar ratio. Since the relationships within the data of 
one sugar fraction tend to be opposed to those of the other, pronounced 
variations must exist in the ratio of sucrose to reducing sugar. The treatment 
ratios are very different, the mean of leaves 3-10 in series P1Kr being 65 per 
cent. greater than that in series P5K1, with series P3K1 intermediate. The 
difference between series PiKxz and P5K1 is highly significant over the whole 
leaf range with the exception of the last leaf or two, but very considerable 
interaction is found. In series P1K1 the ratio decreases rapidly and highly 
significantly from leaf to leaf, the last values being less than one half the first. 
In series P3Kr the trend with leaf number is downwards, but is very slight 
and quite insignificant, while in series P5K1 it is again pronounced but 
reversed, the correlation being highly significant and positive. lhe results, 
as regards series P11 and P3Kz1, agree exactly with those reported by Gregory 
and Baptiste (1936) (1932 data). Their experiment of 1932 was conducted in 
a similar manner to the present experiment, and their fully manured and 
phosphorus deficient treatments were almost identical with the present series 
PrK1 and P3Kr. Not only is the decrease in the ratio with phosphorus 
deficiency similar in the two instances, but the type of interaction is identical ; 
the absolute values assumed by the ratio also agree closely. Agreement between 
the present series P1Kz and P3Kz1 and the corresponding series of Gregory 
and Baptiste is good not only in the sugar ratio, but also in other particu- 
lars; this will not be demonstrated here since before comparison can be made 
it is necessary to recalculate the sugar content data described above in terms 
of leaf fresh weight. 

Finally, there is little evidence in the sugar data of consistent difference due 
to variation of potassium at the P3 level. 


Factors DETERMINING RESPIRATION RATE 


The primary object of the present work was to determine as far as possible 
the respiration changes induced in leaves of the plant by varying the supply 
of phosphorus in the nutrient over an extremely wide range, and also by 
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simultaneous variation of both phosphorus and potassium. At the same time, 
certain nitrogen and carbohydrate fractions were determined on similar 
material in order to throw as much light as possible on the causes immediately 
underlying the observed respiratory differences. It would clearly have been 
desirable to determine the phosphorus and potassium contents of the leaves, 
but the amount of material needed for these further analyses precluded the 
attempt. It appears, moreover, that potassium itself exerts no direct effect on 
respiration rate (Gregory and Richards, 1929; Richards, 1932), so that a 
knowledge of potassium content is not likely to assist in the elucidation of the 
immediate question. With phosphorus the state of affairs is different, since 
there is the possibility of phosphate being concerned directly in the break- 
down of the respiratory substrate, while Lyon (1924, 19274, 6) has claimed 
that itis also concerned at a second stage of respiration, i.e. that it is a promoter 
catalyst in the oxidation phase. It is therefore unfortunate that such data 
could not be collected, although, as will be seen, the available data appear to 
be almost sufficient in themselves to account for the observed respiration 
values. In the following sections the more important inter-relationships 
between respiration rate and the nitrogen and carbohydrate fractions will be 
examined and discussed, with the object of determining (1) the extent to 
which the observed respiration rates may be accounted for by the analytical 
data, and (2) which of the observed data are most nearly related to respiration. 
Existing hypotheses will also be examined in the light of the present analysis. 


Relationships with amino and protein contents. 


In general, nitrogen fractions, protein and amino nitrogen, give higher 
correlations with respiration than do carbohydrate fractions. This may be 
partly explained by the fact that the actual leaves used for the determination 
of respiration rates were themselves included in the samples for nitrogen 
analyses, while sugars were determined on small parallel samples. In spite of 
this it appears that in normal leaves taken directly from the plant, before 
carbohydrate reserves are depleted, respiration rate is more closely related to 
the nitrogen than to the carbohydrate content. When an attempt is made to 
distinguish between the relations of protein and amino nitrogen individually 
to respiration rate, in the high phosphorus series P1K1, the same difficulty is 
encountered as in the data of Gregory and Sen, for among the various leaves 
protein and amino contents are themselves very highly correlated. All three 
variables in fact are maximal in the early leaves and minimal in the later. The 
actual correlation coefficients between the variates, both total and partial, are 
given in Table XII for all treatments. Coefficients having a significance greater 
than P = 0-05 are indicated by italics. 

Clearly in series P1Kz1 it is difficult to disentangle the individual relation- 
ships of protein and amino nitrogen to respiration, though there is evidence 
that the main correlation is with amino nitrogen. In series P2K2 this evidence 
is stronger, while the slight advantage of amino over protein content in series 
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PiKr is considerably increased by introducing the square of the nitrogen frac- 
tion as a second variate, i.e. fitting a parabola to the data instead of a straight 
line. The extra goodness of fit of the quadratic term from the protein data is 
negligible, but that from the amino data is highly significant: the multiple 
correlation Ra.qq: has the very high value 0°942 (1% point 0-886). There can 


TABLE XII 


Correlation Coefficients between Respiration Rate, Protein Nitrogen, and Amino 
Nitrogen Contents 
R = Respiration rate, P = Protein nitrogen, A = Amino nitrogen 
5% 1% 570) Belvo 

RP. RA. PA. point. point. RP-A. RA-P, point. point. 
PrKi +0-767 +0-877 +0-841 0°664 0798 +0115 +0:668 0-707 
P2K2 +0-478 +0:778 +0:230 0°707 0°834 +0489 +0-782 0-755 0-875 
P3Ki +0-766 +0:006 +0:387 0664 0-798 +0-829 —o-491 0-707 0834 
P3K3 +0°595 +0:312 +0-413 0°664 +0'539 +0:089 0-707 
PsKr +0°385 -—0:266 —0-461 0-707 +0°306 —o-108 0°755 


be little doubt therefore that amino content is an important factor in deter- 
mining the respiration rate of leaves from barley at a high level of nutrition, 
and that the action is similar to that observed when amino acids are fed to 
plants, as in the experiments of Spoehr and McGee (1923), Genevois (1927), 
and Schwabe (1932). 

It might be assumed from the evidence of series P1K1 and P2K2 that no 
very close connexion exists between protein content and respiration rate, 
most of the apparent effect being derived from the correlation of both with 
amino nitrogen; but further analysis demonstrates the assumption to be 
unfounded. Within no other treatment are appreciable effects of amino acids 
on respiration rate discernible, while between treatments, as phosphorus 
supply decreases, increasing amino contents are accompanied by decreasing 
respiration rates. The protein correlation in series P3K1, on the contrary, 
is very close, while that in series P3K3 cannot be lightly disregarded. More- 
over, the dot diagrams (Figs. 6 and 7), illustrating the relation between the 
two variables over the whole experiment, demonstrate convincingly that 
respiration is roughly proportional to protein content over a very wide range 
of nutrient conditions and throughout the leaf series . A similar diagram for 
respiration and amino nitrogen brings out clearly the fact that no common 
proportionality factor exists even for series P1K1 and P2Ka2, and in fact 
within the former treatment the relation has already been shown not to be one 
of simple proportion. Early leaves at high amino level have a considerably 
lower ratio of respiration increment to amino content increment than have 
later leaves at lower levels of amino nitrogen. 

In this connexion also, Gregory and Sen (1937) found high correlations 
with amino nitrogen only in those treatments with low contents; as potassium 
became more deficient correlations with amino content fell off rapidly until 

966.6 Tal 
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at very low levels, with high amino contents, all correlation vanished. It is 
interesting to note that the actual amino contents found in the present series 
PrKi and P2K2, where high correlations obtain, fall within the range over 
which Gregory and Sen obtained a positive effect, while all treatments at lower 
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| e 5 4 


Fic. 6. Correlation diagram between respiration rate and protein nitrogen content: all 
treatments and leaves. Full lines, regressions of respiration rate on protein nitrogen and of 
protein nitrogen on respiration rate. Broken lines indicate the limits of error in the ratio of 
respiration rate to protein nitrogen. 


phosphorus levels, giving no correlations with amino nitrogen, have con- 
siderably higher amino contents than had even the extreme potassium 
deficient plants of Gregory and Sen. As has been foreshadowed by the curved 
regression line found in series P1K1, the explanation is doubtless that the 
relation between the two variables is of the usual hyperbolic form, and the 
absence of correlation within treatments with high amino concentrations 
is not to be interpreted as an absence of effect, but rather that the effect is 
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everywhere approaching the maximal limit. There is thus little differential 
effect which alone can lead to high correlation within a series. At low phos- 
phorus levels other factors affecting respiration are in relative minimum; but 
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Fic. 7. Correlation diagram between respiration rate and protein nitrogen content: treat- 
ment means and leaf means only. Line drawn through general mean and origin, 


at high levels, with low soluble nitrogen, these other factors are in excess and 
respiration rate is then sensitive to changes in amino content. 

The relation of protein to respiration rate will be considered further after 
the carbohydrate relationships have been dealt with; but before leaving the 
question of the effect of amino content on respiration, reference may be made 
to the close similarity between the differences in both variables induced by 
potassium at all levels of phosphorus. At the P1 level very large increases in 
both respiration and amino nitrogen are induced by potassium reduction; 
at the P3 level comparatively small but real increases in both are obtained by 
reducing potassium to the same extent as phosphorus; while at the P5 level 
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a relatively very great reduction of potassium has no observable effect on 
either variable. On the other hand, the effects of phosphorus on amino content 
and respiration rate respectively are opposed, so that while the potassium 
effects are everywhere characterized by a strong positive correlation between 
respiration and amino nitrogen, the phosphorus effect is equally well charac- 
terized by a negative correlation. Decreasing phosphorus supply leads to pro- 
gressive decrease in respiration rate and progressive and rapid increase in amino 
content. A comparison of the present data with those of Gregory and Sen 
reveals that this inverse relationship with phosphorus holds at all potassium 
levels, just as the direct relationship with potassium holds at all phosphorus 
levels. The possibility was suggested previously (Richards, 1932) that the 
high rates of respiration accompanying reduced potassium supply, all other 
nutrients being high, may be directly attributable to the increased amino- 
acid concentration, and indeed a very intimate relation between the two has 
now been demonstrated by Gregory and Sen (1937). It is natural therefore 
at first sight to attribute the increased CO, production in series P3K3 over 
P3Kx to the same cause, and the absence of any potassium effect on respiration 
at the P5 level to the absence of an effect on amino nitrogen. While, as has 
been stated, amino content is likely to affect respiration rate everywhere, 
the following considerations indicate that the respiratory difference between 
series P3K1 and P3K3 is probably not mainly due to this factor. 

In series P3K3 and P5Ks the question is not one of potassium deficiency, 
as usually understood, but rather of a reduction of excess potassium. For 
plants of series P3K3 have the external appearance ascribed to phosphorus 
deficiency and by supplying them with extra potassium (P3K1) no obvious 
increase in size or change in external appearance is produced. Potassium 
cannot therefore be seriously in the minimum, and phosphorus is the nutrient 
determining size, growth rate, appearance, &c. The increase of potassium 
from treatment Ps5Ks5 to PsK1 is certainly detrimental in the latter half of the 
vegetative period, leading to greater retardation of leaf production and shorter 
individual leaf duration. Under extreme phosphorus deficiency therefore 
the approximate balancing of potassium with phosphorus is more important 
than that of potassium with nitrogen. It is probable that similar conditions 
exist at the P3 level, although the effect is not so pronounced. 

The increased amino content in series P3K3 over P3Ki cannot therefore 
properly be attributed to premature breakdown of protein, as it almost cer- 
tainly must be in a truly potassium-deficient plant (Richards and Templeman, 
1936), but is probably little more than an expression of the fact that at the 
lower potassium level a larger amount of nitrogen has been taken up. For 
the mean differences between the two series in total protein, and residual 
crystalloid nitrogen (i.e. non-protein less amino nitrogen) are all in favour of 
series P3K3, though these differences are not demonstrably significant. The 
increased respiration rate may be largely explained by the increased level of 
all nitrogen fractions, i.e. there is a greater quantity of protoplasm respiring; 
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indeed when measured in terms of protein nitrogen the mean respiration 
rates of the two series are in close agreement. 

Opposed to this hypothesis is the fact that the excess amino nitrogen in 
series P3K3 over that in P3K1 is much more uniform from leaf to leaf than 
that of any other nitrogen fraction, the increase of respiration being similarly 
uniform ; in spite of this, however, evidence of specific effect of amino nitrogen 
on respiration within either of the treatments is entirely lacking (cf. Table X11), 
while it will be seen later that respiration in series P3K3 may be satisfactorily 
accounted for by protein and sugar contents. As the comparatively large 
variations in amino content from leaf to leaf within either series occur without 
appreciable effect on respiration rate, it is unlikely that the much smaller 
difference in amino content between the two series can be largely responsible 
for the observed respiration difference. At the P3 level amino nitrogen is 
throughout in large excess and a small difference cannot be expected to have 
a comparable effect with that of a similar difference at the P1 level. 

For the sake of clarity, in the following analysis and discussion the relation 
of respiration to protein content will be stressed, and that to amino nitrogen 
largely ignored, but it should be realized that the relations in series P1K1 and 
P2K2 at least are not completely stated without taking into account the effect 
of amino content. . 


Relationships with sugars. 


An initial survey of the interrelationships between respiration rate, protein 
content, and the sugar fractions may be made by means of the analysis of co- 
variance. A symmetrical table may be constructed by utilizing eight leaves 
(leaves 3-10) and five treatments, and the correlations over all 40 points 
investigated. Similar correlations may then be determined for the leaf totals, 
treatment totals, and interaction. The results of this analysis are presented 
in Table XIII. 

The multiple correlations demonstrate that the contents of protein and 
some appropriate sugar fraction account for some two-thirds of the total 
respiration rate variance over all the forty points, while the respiration rates 
of the individual leaves in the various treatments, and of the individual treat- 
ments throughout the leaf series, are similarly almost entirely accounted for. 
The high correlation between respiration rate and protein alone is evident 
everywhere except in the interaction between treatments and leaf number. 
The total correlation (rgp) between treatments is extraordinarily high; that 
between leaves is also very high, being nearly complete when the effect of any 
one of the three sugar fractions is eliminated (rgp., fgp.s, and rpp.p). The 
lack of significance between treatments of the partials rgp.g and rpp-y is clearly 
due to the high values of rpg and rp;, and indicate that owing to these close 
correlations it is impossible to separate the protein and carbohydrate effects 
between treatments. In the interaction there is no evidence of the dependence 
of respiration rate on protein content, nor indeed on any carbohydrate fraction 
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This general analysis does not indicate clearly the advantage of one carbo- 
hydrate fraction over another in the prediction of respiration rate, though 
usually total sugar has accounted for slightly more respiration variance than has 
sucrose or reducing sugar. It is perhaps noteworthy that whereas sucrose con- 
tentis extremely closely related to respiration rate between treatments (rpg), and 
fairly closely between leaves and over the whole experiment, the latter relation 
being highly significant, reducing sugar (rp,) is nowhere related to respiration 
unless the effect of protein be eliminated (rp,p). This difference is due to the 
fact that throughout the analysis sucrose tends to be positively correlated with 
protein (rpc), the relation being exceedingly close between treatments, while 
reducing sugar tends to vary inversely with protein, the correlation rp, being 
significant over the whole experiment and in the interaction. If now the 
effect of varying respiration rate be eliminated, in all cases except between 
treatments the correlation rp, p is highly significant and negative, while that 
between protein and sucrose (rps.p) is nowhere significant, though between 
leaves it is tolerably high, and everywhere the elimination shifts the coefficient 
towards the negative side. In the interaction, the negative correlation between 
protein and reducing sugar is the only relation which is highly significant or 
even approaches significance level. Additional evidence is therefore adduced 
to support the contention of Richards and Templeman (1936) and of Gregory 
and Baptiste (1936) that in phosphorus deficiency the accumulations of amide 
and reducing sugars are related, and resulting from the fact that protein 
synthesis has been checked. Since the various correlations between protein 
and reducing sugar are considerably increased by eliminating the effect of 
varying respiration rate, an indication is given that reducing sugar rather than 
sucrose may be the main carbohydrate substrate of respiration. 

The interactions of the various fractions between treatments and leaves 
may be examined by a study of the relationships within the individual 
nutritional series. The main results of such an analysis are presented in 
Table XIV. In examining this table it should be remembered that in series 
P1K1 and P2K2 the main correlations between respiration rate and nitrogen 
fractions are obtained with amino nitrogen, the protein correlations being lower. 
For these two series therefore the values of the multiple regressions of respiration 
on protein and amino contents are also presented. The coefficients between 
respiration rate and the nitrogen fractions therefore reach a satisfactory level 
in series P1K1, P2K2, and P3K1, but are low in P3K3, and very low in P5K1. 

Hence the first object of the further analysis is to explain the low correlations 
with nitrogen found under extreme deficiency, and if possible to improve them. 
It is clear from the table that reducing sugar content is necessary and sufficient 
for this, and that after eliminating its effect from the respiration-protein 
correlations in series P3K3 and P5Kx the resulting partial correlations are 
significant and of approximately the same magnitude as those previously 
found in series P1Kr and P3Kr. Sucrose, on the contrary, is apparently 
unconnected with respiration rate in extreme deficiency and the respiration- 
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protein correlations are not improved by eliminating variation ascribable to it. 
It may be concluded therefore that under extreme phosphorus deficiency 
respiration rate is largely determined by reducing sugar content, and in fact 
in series P5Kzx the partial correlation rp, is highly significant and as great 
as the corresponding partial rpp; the sucrose correlation Ips.p is here com- 
pletely negligible. 

This interpretation of the relationships found is somewhat weakened by the 
fact that high and significant correlations are found between respiration rate 
on the one hand and sucrose, and therefore also total sugar, on the other, in 
the series P1K1. Here the respiration-reducing sugar correlation (tp,) iS 
significantly ‘negative, but this is caused solely by the correlations existing 
between both and protein content, as is indicated by the negligible value of 
the partial rp, in this series. The partial rpp, is also quite insignificant, 
hence by the method it is impossible to decide whether the high total correla- 
tions between respiration rate and both protein and reducing sugar contents 
are due primarily to a nitrogen or carbohydrate effect. But since the respira- 
tion-reducing sugar relation is of an inverse character it is reasonable to sup- 
pose that respiration is here determined by the nitrogen fractions and is 
almost if not quite independent of reducing sugar. 

This is not true of the sucrose correlations in the series, for by the elimina- 
tion of protein the respiration-sucrose coefficient is increased, and similarly 
elimination of sucrose leads to an increase in the respiration-protein coefficient ; 
taken together the multiple correlation Rg.p, reaches the very high value, 
0:964. In spite of the high significance it ts probable that the respiration- 
sucrose correlations are here largely fortuitous and mainly due to an unusual 
chance combination. In no other treatment does the partial correlation rps.p 
reach sucha very high level, and in precisely those treatments where correlation 
other than with nitrogenous compounds are needed to account for the ob- 
served respiration values, namely series P3K3 and P5K1, sucrose is com- 
pletely inadequate. On the other hand, as has been shown, variation in 
reducing sugar content is sufficient to render the results intelligible. Hence, 
if the observed correlations are accepted at their face value it is necessary to 
postulate that under complete nutrition sucrose content controls respiration 
rate and presumably provides the substrate, reducing sugar being without 
effect, whereas under severe phosphorus deficiency the role of the two carbo- 
hydrate fractions is reversed. It is unlikely that this represents the true state 
of affairs. In fact, if reducing sugar only becomes available for respiration 
via hexose-phosphate, whereas sucrose may provide a substrate capable of 
immediate attack, as has been suggested (Onslow, 1931; Onslow, Kidd, and 
West, 1931), it follows that under phosphorus shortage the respiration sub- 
strate will be provided almost entirely by sucrose, while at high phosphorus 
levels reducing sugars may provide much more of the respiratory material, 
i.e. the tendency of the observed correlations as between series P1K1 and 


P5K1 would be reversed. 
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Apart from the difficulty of interpretation of the respiration-sucrose correla- 
tion in series P1K1, the evidence of other experiments fails to support the 
value of the correlation obtained. For example, no such relationship in fully 
manured plants was found in the previous work of Gregory and Sen (1937); 
moreover, it is not difficult to adduce contrary evidence from the present data. 
Thus the eleventh leaf is very small in size and unusually variable; it is nor- 
mally the last to be produced on the axis, but on occasion may be absent 
altogether, or alternatively be considerably larger than usual and followed by a 
minute twelfth leaf. Because of its inherent variability, the low level of most 
of its important constituents and activities, and the relatively small samples 
available for the determination of the latter, it is clear that much reliance 
cannot be placed on statistical results whose magnitude depends largely on 
this particular leaf.. ‘The very high respiration-sucrose correlation in series 
P1Kz under discussion is in fact determined largely by this leaf. The main 
values including and omitting leaf 11 are as follows: 


; ™RP "RS os ™RS-P 
Including Leaf 11 +0:767 +0831 +0:880 +o-o11 
Omitting Leaf 11 +0°852 +0:686 +0892 +0°779 


While the fit of the total protein correlation is considerably improved and 
the coefficient, brought up almost-to the level of its partial value, the total 
sucrose correlation is now not significant (5% point 0-707) while its partial 
only slightly exceeds the 5 per cent. value (0-755). There can be little doubt 
that these values, omitting leaf 11, give a truer picture of the relationships than 
when leaf 11 is included. Again, when the part played by amino content 
is brought to bear on the problem the inconsiderable role of sucrose appears, 
even including leaf 11 in the calculation. As has been pointed out, amino 
nitrogen is more highly correlated with respiration than is protein in the 
‘series PrK1, and the parabolic regression’on amino content alone accounts 
for 88-7 per cent. of the total variance (R = 0-942); better prediction can 
scarcely be expected in an experiment of this kind. The partial correlation 
between sucrose and respiration eliminating the linear amino nitrogen term is 
below significance level, i.e. +-0-665 (5° point 0-707), whileif the parabolicterm 
be also eliminated there is a further fall to +-0-606 (5% point 0-755). Omission 
of leaf 11 and elimination of the linear amino nitrogen term alone reduces the 
correlation with sucrose to negligible levels, i.e. +-0-338(5°% point 0-755), while 
the corresponding partial correlation involving amino nitrogen, Tras, Still re- 
mains significant (+-0-797). It is highly probable therefore that the apparent 
correlation of sucrose with respiration is mainly traceable to the correlation of 
both with amino content, and not to a direct effect of sucrose on respiration 
rate in the series P1K1; the extremely close fit of the regression of respiration 
rate on protein and sucrose contents is for these reasons regarded as fortuitous. 

The experiment as a whole therefore leads to the conclusion that under 
normal treatment, or treatments involving only slight deficiencies, the respira- 
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tion rates of young mature leaves’taken directly from the barley plant in day- 
time are dependent almost entirely on some aspect of their nitrogen meta- 
bolism, and are nearly independent of their carbohydrate level. Under 
extreme phosphorus deficiency on the contrary, the content of reducing sugar 
plays an important part in determining the rates. It may be recalled that 
previous work (Richards, 1932; Gregory and Sen, 1937) has established the 
carbohydrate limitation of respiration rate also under extreme potassium 
deficiency. Here the limitation may be readily ascribed to the low internal 
sugar concentrations consequent on much reduced assimilation rates; low 
concentration of substrate is associated with an unusually high potential 
respiratory activity, leading to direct carbohydrate limitation. Under phos- 
phorus deficiency the content of reducing sugar which is limiting respiration ts as 
high as that of the high phosphorus plant; with high phosphorus supply the same 
sugar level not only accompanies a much higher respiration rate, but also exerts no 
detectable limitation on that rate. The apparent anomaly may possibly be 
explained if the hexose-phosphate theory of respiration be accepted, but is 
more difficult to reconcile with the view which has been put forward by Barker 
(1936) and Yemm (1935) that the main respiratory substrate consists of active 
fructose produced by the direct hydrolysis of sucrose. ia 

On the former assumption, the concentration of substrate must depend 
on the concentrations of both hexose and phosphate, probably in the form of 
adenyl pyro-phosphoric acid. With complete nutrition the free phosphate 
concentration is presumably relatively high and under extreme deficiency 
greatly reduced, so that the product.of hexose and phosphate concentrations 
must be likewise reduced. If among the various leaves of the deficient plant 
soon after expansion phosphorus in the hexose-phosphate cycle tends towards 
a fairly constant low level, the rate of supply of the triose respiratory substrate 
must be roughly proportional to the hexose concentration, and the demand for 
substrate be in excess of the supply. At high phosphorus levels on the con- 
trary the supply may be sufficient to meet all normal demands, and reducing 
sugar apparently bears no relation to respiration rate. Evidence that both sugar 
and phosphate do exert a direct limitation on respiration rate at very reduced 
phosphorus levels has been obtained at this Institute (Said, 1934; Sankaran, 
1936). Experiments have demonstrated that excised leaves from starved 
plants show considerably increased respiration rates if instead of dipping 
into water they are placed with their cut ends in either sugar solution or in 
neutral phosphate; still higher rates are obtained if sugar and phosphate are 
presented together. So far as they go, limited experimental data by Said 
indicate that comparable leaves from highly manured plants under the same 
conditions are much less responsive, if indeed they respond at all. 

The evidence of the present experiment may therefore be: construed as 
supporting the contention of Lyon (1924) that phosphate is normally involved 
in the respiratory breakdown of sugar in leaves, but little support is found for 
the view put forward by Onslow (1931) and advocated by Yemm (1935) and 
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Barker (1936) that half of the sucrose molecule may provide the substrate 
directly. If this be the correct interpretation it follows that some support is 
given to the Blackman (1928) view of the identity of the initial stages of 
aerobic respiration and fermentation, as opposed to the view of distinct 
origins put forward by Boysen-Jensen (1931) and Lundsgaard (1930). It may 
be regarded as established that the first stage of fermentation consists in the 
entry of hexose units into a hexose-phosphate cycle leading to the production 
of triose. The whole question of the relation between the two types of break- 
down is admirably discussed by Turner (1937). 


Respiration on a protein basis. 

The close relationship between respiration rate and protein nitrogen found 
throughout the experiment remains to be examined further. The correlation 
diagram (Fig. 6) shows the general relationship for all observed points, while the 
corresponding Fig. 7, in which mean values for treatments and leaves are alone 
plotted, demonstrates in a convincing manner the constancy of the regression 
over the whole experiment. The straight line in the latter diagram is drawn 
through the general mean and the origin, and the relation appears to be one 
of direct proportionality. The only aberrant point is that of leaf 11; as previ- 
ously mentioned this gives the least reliable data, and moreover it represents 
a mean of three treatments only, all other leaf points being derived from either 
five or six treatments. Similarly among the treatment points the most aberrant 
is P5Ks5, derived from five leaves only instead of from eight or nine as in all 
others. The larger scatter on the previous diagram (Fig. 6) is by no means 
entirely due to error, and very considerable improvement may be effected 
among the points representing series P3K3 and P5Kxr by correcting for varia- 
tion in reducing sugar content. Fig. 8 gives the result of this correction, 
together with a corresponding and considerable adjustment for amino N 
content in series P2K2, an adjustment which does not affect the fit of the 
protein regression. The dotted lines in Figs. 6 and 8 represent the positions 
of points whose deviation, measured in terms of respiration per unit protein, 
is twice the standard error. In Fig. 8 not only is the error considerably 
lessened, but no points in treatments P5Kr and P3K3 now lie outside the 
reduced error limits. Of the remaining two series, P3K1 has the lowest 
standard deviation when respiration rate is expressed as CO, evolved per 
unit protein nitrogen per hour, the mean over the whole experiment being in 
these units 0-165: 


PiKr P2K2 P3K1 P3K3 P5Kr 
a 0'0265 0'0270 00188 0'0284 00-0417. 


The value for series P1K1 is not appreciably improved by correcting for 
amino nitrogen, but the error of a single observation is reduced to 0:0217 by 
omission of leaf 11. In this series protein and amino contents are themselves 
highly correlated and both are as closely related to respiration rate. Conse- 
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quently variation due to amino content is completely masked by expressing 
CO, evolution in terms of protein. This holds to a much smaller extent in 
series P2Ka, in which protein and amino contents are only slightly correlated, 


MGM, COz PER GM. DRY WT. PER HOUR 
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Fic. 8. Correlation diagram between respiration rate and protein nitrogen content: all 
treatments and leaves. P1K1 and P3K1 as in Fig. 6. Points in P2Kz2 adjusted for amino- 
content, and those in P3K3 and PsK1 for reducing sugar content. Broken lines indicate the 
limits of error in the ratio of respiration rate to protein nitrogen. 


hence respiration per unit protein is correlated with amino content practically 
to the level of the 5% point, i.e. r = 0-689 (5% point 0-707). 

In spite of these carbohydrate and amino effects, the mean values for all 
treatments lie on the same regression line in the dot diagram (cf. Fig. 7). It 
follows therefore that if throughout the experiment respiration rate be ex- 
pressed in terms of the amount of protein nitrogen present instead of dry 
weight the previously established differences ascribable to treatment, and 
the age drifts with leaf number, almost entirely disappear. This result is of 
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considerable interest from the point of view of the choice of the best basis on 
which to place rates of CO, evolution for a comparison of the relative respira- 
tory activities of plant organs not nearly identical in composition: and leaves 
taken from the same plant may show very considerable differences in this 
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Fic. 9. CO, evolved per unit protein nitrogen by successive leaves from the various series, 
at emergence. Histograms give treatment means. Full curve: regression on leaf number. 
Broken curve: corresponding regression of reducing sugar content on leaf number. 


respect. For instance, in the light of the present result a very large part of the 
changes found by Kidd, West, and Briggs (1921) in the ‘respiratory index’ of 
the various organs of the sunflower throughout life history, must be regarded as 
simply reflecting a changing content of inert matter in these organs and only 
in a very limited sense estimating variations in respiratory activity. A basis 
which automatically removes from the estimation non-living cell constituents 
must give a measure more easily interpreted than do dry and fresh weights. 
In the present instance the values for respiration rate in terms of protein 
nitrogen are plotted in Fig. 9, and a comparison between this diagram and 
Fig. 1 reveals vast differences. The variation still remaining may be directly 
correlated with carbohydrate content, and such an examination completely 
confirms the relationships between sugar fractions and respiration rates 
already established by a more circuitous method. Correlation coefficients 
both total and partial, are given in Table XV. The first half of the table gives 
the values of the various correlations when sugar content is expressed in terms 
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of dry weight. As before, the only values approaching significance for sucrose 
and total sugar are in the series P1K1, but now the simple omission of the 
doubtful eleventh leaf is sufficient to reduce them well below the significance 
level and render them comparable with similar correlations in other series. 


TABLE XV 
Correlation Coefficients between CO, per unit Protein (R) and Sugar Content 
PiKy1. P1Kr P2Ka2. P3K1. P3K3. P5K1. 

(omitting 

leaf 11). 
Rs : .  +0:060 +0526 +0:201 -+0:700 +0839 
RS. . ¢ +0°679 +0°375 +0°473 +0:360 +0:290 +0502 
Ries . +0705 +0428 +0°493 +0:350 +0°413 +0°568. 
5% point. 0666 0'707 0°707 0°666 0:666 0°707 
1% point . 0°834 
Rs'S_. -  -+0°399 +0°375 —o-'o71 +0:736 +0791 
RSs. . +0:739 +0469 +0:278 +0312 —0°423 —0'233 
5% point . 0°707 0°755 0°755 0°707 0°707 0°755 

Correlation Coefficients between CO, per unit Protein (R) and Sugar 
Concentration 
PrKyi. PiKr P2K2. P3Kxr. P3K3. Ps5Kr 

(omitting 

leaf 11). 
Rs c 5 —o'2I10- —=0°275 +0'153 +0:683 +0:830 
RS ; .  +o7T5 +0°544 +0:026 +0416 -+0°297 +0°459 
Ries. . +0614 —o'o12 +0°386 +0371 +0513 
5% point . 0°666 0°707 0:707 0'666 0°666 0-707 
1% point. 0°834. 
Rs‘S_. .  —0°571 —0°326 —0'246 +0°755 +0:907 
RSs. . +0810 +0:658 +0°185 +0°452 —O'515 —0°742 
5% point - 0-707 0°755 0°755 0-707 0°707 0°755 
1% point - 0875 


At the same time, the reducing sugar effect in low phosphorus treatments is 
accentuated, and for series P3K3 the value is brought above the significance 
level. In the partial correlations, in which the effect of each sugar is disen- 
tangled from that of the other, the reducing sugar correlations in series P3K3 
and Ps5Kz are unaffected, while the corresponding sucrose correlations are 
actually negative, demonstrating effectively that sucrose plays no part in 
respiration under extreme phosphorus deficiency. 

It may be objected that real effects of sugar on respiration must depend on 
their concentration and not on their content in terms of dry matter. In order 
to meet such objection, so far as is possible, sugar content has been expressed 
in terms of the amount of water within the leaf, and the above correlations 
repeated using these data. The results are given in the second half of the same 
table. It is seen that, far from invalidating the conclusions arrived at, this 
mode of expression only serves to accentuate the previous findings. The 
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negative partial correlation rps. is here suggestively high in series P3K3, 
while in series P5K1 it practically attains the 5 per cent. level. 

It is perhaps of interest to examine the magnitudes of the regression co- 
efficients in series P3K3 and P5Kzi provided by these data. That for the 
regression of respiration per unit protein on reducing sugar concentration in 
series P5Kz1 is 0-321, the regression line passing close to the origin, while in 
series P3K3 the corresponding coefficient is much smaller i.e. =-O'107,, 1 is 
difference is to be expected if the effect of sugar is more pronounced the 
greater the degree of deficiency. 

The comparatively low value of the regression coefficient in series lease 
provides one possible clue to the small reducing sugar correlations found in 
series P3Kz1, at the same phosphorus level as P3K3. Clearly aslightly enlarged 
error would be sufficient to mask the effect. But error is unlikely to explain 
the difference, since in series P3K1 the observed respiration rates are as well 
accounted for by protein content as are those in the PrKx series, and the CO, 
evolution per unit protein nitrogen fluctuates only slightly among the various 
leaves. There appears to be therefore a real difference between the two series 
at the P3 level in this respect. The significant difference in respiration rate 
per unit dry weight, leading to a possibly greater sugar demand in P3K3, can- 
not account for it: in terms of protein nitrogen, and moreover in terms of 
reducing sugar, this difference vanishes. A higher phosphate content in series 
P3Kz than P3K3 might explain the divergence. The only data bearing at all 
closely on this point were collected by Shih (1935) at this Institute. He grew 
barley under almost identical conditions to those of the experiment under 
discussion, with potassium treatments corresponding exactly with the present 
levels Ki and K3, and at a phosphorus level which under the present scheme 
would be designated P2-3. Subsequent determinations were made of the total 
phosphorus content of the whole leaf mass at three periods of growth. Thirty 
days after germination, P2-3K1 had practically 20 per cent. higher phosphorus 
content than P2:3K3. This excess gradually disappeared, until by the fifty- 
second day there was a deficit of 8 per cent. In so far as these results apply to 
the present problem the indication is that the earlier leaves in series P3K1 
may have higher phosphorus concentrations than corresponding ‘leaves in 
P3K3, but that this difference is not likely to be found in later leaves. Here 
we may recall that the weight of individual leaves, both dry and fresh, is 
significantly greater in series P3Kxz than P3K3, maximum differences being 
found in the earlier leaves, in particular leaves 4 and 5; in later leaves they 
are very slight. It is probable that a phosphorus effect which tends to disap- 
pear in later leaves is represented here, rather than a potassium effect; leaf 
size is very sensitive to phosphorus, and much less so to potassium. 

If this be true, and since in any case the onset of deficiency symptoms is 
gradual among the successive leaves, it might be expected that series P3K1 
would show more definite effects of reducing sugar concentration on respira- 
tion per unit protein in later leaves than earlier; also that the correlations 
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would be improved by taking into account a probable increase of effect with 
leaf number. Considerable correction for any such effect may be made simply 
by eliminating from the correlations leaf number as a variable. The results 
are as follows: 


Leaves included. 3-11. 4-II. 5-11. 6-11. 4-11, 
TRs @Orls 3 -+0-200 ++0°229 +o-181 +0-258 
Rs: L +0227 =+0:239 = +0503, +0841 ~=—-$.0-958 


It is seen that whereas the total correlation is not appreciably improved by 
the successive omissions alone, there is a gradual and pronounced improve- 
ment on eliminating general trends with leaf number. The improvement is 
ascribable to the fact that respiration rate in these units showsa slight tendency 
to fall in later leaves, while reducing sugar concentration shows a similar 
tendency to rise. The last two partial correlations reach a high level, but owing 
to the small number of degrees of freedom available the last is the only one 
exceeding its 5° point; the previous value, o0°841, falls between the 10%, 
point (0-805) and the 5% (0878). Somewhat similar improvement, though 
not so pronounced, may be effected in the same way in the corresponding 
correlations from series P3K3 and P5Kr, but appreciable reducing sugar 
relationships appear to be absent from series PtKi and P2K2. The coefficient 
in series P3K3 (+0:683) may be improved by omitting the first, or first two, 
observations, or alternatively by eliminating leaf number; in the latter case 
the partial correlation derived from all leaves is +0:752, while by omission 
of the early leaves this may be further raised. The improvement on elimi- 
nating leaf number is here due entirely to the increasing concentration of 
reducing sugar in later leaves; respiration rate has no appreciable correlation 
with leaf number. In series P5Kr again the coefficient of +0-830 rises to 
-+-0°886 by eliminating leaf number, while by successive omission of the first 
three leaves it gradually rises from +0830 to +0:906. The improvement on 
eliminating leaf number is in this case ascribable to the fact that respiration 
rate tends to decline with leaf number, while reducing sugar concentration 
merely oscillates round a mean value. In all three low phosphorus series then, 
an effect of reducing sugar may be demonstrated, and again in all three the 
ratio of respiration per unit protein to reducing sugar concentration tends to 
fall with leat number. The difference between series P3K1 and P3K3 there- 
fore appears to be one of degree rather than of kind. 

In Fig. 9 is shown the parabolic regression of respiration per unit protein 
on leaf number derivable from all leaves in the five main manurial treatments 
(continuous line), disregarding the manurial differences, i.e. the five observa- 
tions on any one leaf are treated as independent measures of the same quantity. 
The curve is apparently real, since the two degrees of freedom representing 
the total regression have a ‘z’ value of 0-701 (5% point 0-59; 1%, point 0:83); 
the linear regression has a ‘z’ value of only 0-131 (5°% point 0-70), while the 
parabolic contribution gives the comparatively high value 0-947 (5% point 
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0:70; 1% point 0-99). In general, therefore, respiration per unit protein has a 
slight maximum at leaf 6—7, the latest leaves showing distinctly lower values. 
Most of this curve is of course accounted for by the reducing sugar relations 
just discussed, together with the amino content regression in series P2K2. 
Superimposed on the same diagram is the corresponding parabolic regression 
derived from the reducing sugar contents (dotted line; the vertical scale may 
here be read directly as °%4 dry weight). Although this regression does not 
attain significance level the resemblance between the two curves is suggestive. 
Moreover, the deviations of the respiration data from the former curve and 
of the reducing sugar data from the latter are also correlated to the level of 
+0-609 (5% point 0-666). 

The respiration data from the whole experiment are therefore very well 
accounted for by (1) protein content throughout all treatments, (2) amino 
nitrogen level in the higher phosphorus series, and (3) in the more deficient 
series, reducing sugar limitation which is apparently characterized by the need 
of higher sugar concentrations in later leaves than in earlier ones to produce the 
same respiration rate in terms of protein, and may readily be interpreted as a 
phosphorus effect. The whole of the reducing sugar data are consistent with 
the hexose-phosphate theory of respiration, but are not easily brought into 
line with theories which regard sucrose, or its immediate hydrolytic products, 
as providing the respiratory substrate without the intervention of phosphate. 

In the experiments of Gregory and Sen (1937), respiration rate within the 
two potassium deficient series was apparently related to sucrose content rather 
than to reducing sugar. At the same time by treating together the three series 
at different potassium levels considerably better prediction of respiration may 
be obtained from the reducing sugar concentration data than from the sucrose 
concentrations, and moreover the fit so obtained is highly significant and as 
good as may be expected from the general errors of the experiment. These 
particular data therefore in no way invalidate the hypothesis that the respira- 
tory substrate is related to reducing sugar and not to sucrose. 

The most surprising result which emerges from this experiment is the 
constancy of respiration rate measured in terms of protein between treatments, 
and also between leaves when slight adjustments are made for reducing sugar 
concentration. The rate at 25° C. within a few hours of excision from the 
plant is approximately 0-165 gm. CO, per gm. protein nitrogen per hour, 
and is maintained both under acute phosphorus starvation, in which respira- 
tion rate is known to be ‘limited’ by both phosphate and sugar concentration, 
and under high phosphorus supply, in which the rate is not appreciably 
controlled by these factors. Over the.whole treatment range also, amino 
nitrogen content presumably has a large effect. It would seem therefore that 
the simple concept of protein nitrogen being only a measure of the mass of 
protoplasm respiring, or of the enzyme systems concerned, is insufficient to 
account for the data, and that there must be in fact a reciprocal relation 
between protein and respiration rate, each being dependent in some measure 
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on the other. It is true of course that other things being equal the rate of CO, 
evolution will depend simply on the amount of material respiring, and protein 
may be taken as a rough measure of this. But in the experiment under dis- 
cussion, both among the extremely different treatments and between succes- 
sive leaves the other things are very far indeed from equality, and yet the 
same simple quantitative relation between CO, and protein nitrogen holds 
throughout. It appears highly improbable that under such varied conditions 
reduction in respiration per unit protein from other causes should always by 
chance be exactly balanced by increase due to increased amino acid content. 
But if protein content is itself dependent on respiration the reciprocal relation 
might well lead to the observed results and moreover help towards an under- 
standing of the cause of the low protein levels and large accumulations of 
amino acids and asparagine associated with deficiency of phosphorus. 

Recently, Gregory and Sen have again drawn attention to this undoubtedly 
important question, and it is of interest to compare their data with the present 
result. They worked in the previous year with successive leaves from barley 
grown under identical conditions to those here described, but with different 
nutrient treatments. One treatment (N1K1) corresponded with the present 
P1K1, but the variable elements were nitrogen and potassium; their other 
treatments were N3K1, Ns5K1i, N1K3, and NrKs, the numerals having 
the same meaning as in this paper. Under nitrogen shortage respiration 
rate in terms of dry weight was greatly decreased, while under potassium 
deficiency it was increased. The mean rates of CO, evolution per unit 
protein nitrogen were as follows:! 


Decreasing nitrogen. Decreasing potassium. 
— _ 
N5K1 N3Kr1 NiK1 Nik3 NiKs5 
0°357 0:284 o-181 0°236 0'225 


It will be seen that the fully manured plants give a minimum value which is 
not far from that found in the present experiment, viz. 0-165. Decreasing 
nitrogen is now accompanied by rapidly increasing rates until in series N5Kr 
the mean rate is doubled, while in fact in the later leaves of this series the rate 
is considerably more than doubled. A decrease in potassium also leads to a 
pronounced rise in the rate, but owing to carbohydrate limitation this is not 
continued from level K3 to K5. The nitrogen-potassium series is therefore 
characterized by minimal respiration rates relative to protein at the balanced 
combination. Irom the known fact that under phosphorus deficiency respira- 
tion rate is very sensitive to supply of both neutral phosphate and sugar, it 
might be expected that CO, evolution per unit protein would here be reduced 
below that of the fully manured plant. Yet in point of fact protein is always 
reduced by precisely the same amount as is respiration. Over very wide ranges 


1 The figures given differ slightly from those presented by Gregory and Sen. For compari- 
son with the present data, those given here are derived by determining the rate per unit 
protein for each leaf and taking treatment means. 


532 Richards—Physiological Studies in Plant Nutrition. VIII 


of nitrogen, phosphorus, and potassium nutrition therefore the minimal rate 
of respiration is found in the balanced fully manured plant. This fact may 
have an important significance, and to maintain a given protein level in the 
leaf a certain minimal rate of CO, evolution may be necessary. Respiration 
may rise above this level, as under nitrogen or potassium deficiency, but never 
fall below it; when other causes, e.g. phosphate concentration, operate to 
reduce respiration, the existing protein cannot be maintained and hydrolysis 
sets in until protein is again proportional to CO, evolution. If this hypothesis 
should prove to be correct, then the balanced nutrient may be regarded as 
producing the most efficient plant; nutritive unbalance may lead either to a 
large amount of ‘waste’ respiration, or to reduced CO, output accompanied 
by reduced protein synthesis. 


SUMMARY 


1. A sand culture experiment is described in which barley was grown at 
three levels of phosphorus nutrition: (1) P1Kz1 the control; (2) P3Kz1 at one- 
ninth the level of P1K1; and (3) P5Kr at one-eighty-first. In three other 
series phosphorus and potassium were reduced proportionally: (4) P2K2 in 
which both nutrients were at one-third their levels in P1K1; (5) P3K3 at one- 
ninth; and (6) P5Ks5 at one-eighty-first. 

2. As each leaf on the main axis, with the exception of the first two, reached 
full expansion, estimations were made of respiration rate (CO, evolution), 
together with certain nitrogen and sugar fractions. Respiration rates were 
determined in each of two successive periods of three hours shortly after 
excision; they were re-determined at a later leaf stage. Nitrogen fractions 
estimated were total, crystalloid, and amino nitrogen, the difference between 
the first two giving protein nitrogen. Sugars, both total and free reducing, 
were determined on small parallel samples by the method of van der Plank 
(1936), the difference giving sucrose. 

3. Very considerable treatment differences were obtained in growth rate, 
final yield, and weight of corresponding leaves. The differences were almost 
entirely due to phosphorus, and nearly independent of variation in potassium 
supply at any one phosphorus level. 

4. Water content differences were comparatively slight, though real. The 
relation of phosphorus supply to leaf water content is complex. Proportional 
reduction simultaneously in both phosphorus and potassium supply leads to 
no appreciable alteration in water content. 

5. Changes in respiration rate undergone during the first few hours in the 
dark are briefly described, and the results of Gregory and Sen (1937) confirmed. 

6. Respiration rate was greatly reduced by phosphorus deficiency, the 
change with supply being greatest at comparatively high levels. When 
phosphorus and potassium were simultaneously proportionally reduced, the 
fall in respiration was at first more gradual than when phosphorus alone was 
altered, but at lower levels the resultant change was greater. Hence reduction 


Richards—Physiological Studies in Plant Nutrition. VIII 533 


in potassium at the P3 level gave a small but real increase in respiration rate, 
while at the Ps level no change with potassium was detectable. These results 
were repeated at the later leaf stage investigated. The correlation surface of 
the interaction between phosphorus and potassium supply in respiration rate 
is shown diagrammatically in Fig. 3, and from this it is deduced that all 
combinations of these nutrients which produce plants having external symp- 
toms associated with phosphorus deficiency also lead to sub-normal respiration 
rates, while those developing external symptoms of potassium deficiency 
develop super-normal rates. Respiration differences among the successive 
leaves are also described. 

7. Progressive phosphorus deficiency led to progressive reduction in protein 
content and progressive and considerable increase in amino nitrogen ; total 
nitrogen was in general minimal at the P3 level. Potassium reduction at the 
P3 level gave a real increase of amino nitrogen, and a similar but insignificant 
increase of total and protein nitrogen. 

8. Total sugars and sucrose were in general reduced by phosphorus 
deficiency, while reducing sugar was increased, but the relations among the 
successive leaves were very different at the various phosphorus levels. No 
consistent differences were found ascribable to potassium. Large treatment 
differences in the ratio of sucrose to reducing sugar are found, and fully con- 
firm those given by Gregory and Baptiste (1936). 

g. The question of the dependence of respiration rate on the levels of the 
various fractions analysed is fully discussed, with statistical evidence. Respira- 
tion was generally closely related to nitrogenous substances, protein and 
amino nitrogen giving high correlations in series P1K1, P2K2, and P3Ky ein 
series P3K3 and P5Kr reducing sugar level was also important, this and protein 
content being the main determinants of the rate. The dependence of respira- 
tion on reducing sugar at low phosphorus levels is interpreted as evidence that 
the substrate is produced from hexose, and that phosphate is necessary for its 
breakdown. 

10. A remarkably close and simple relationship over the whole experiment 
is described between respiration rate and protein content, after slight adjust- 
ments have been made for the level of other factors. To explain this a 
reciprocal relationship between respiration and protein synthesis is postu- 
lated, so that a given rate of CO, evolution can maintain only a definite 
quantity of protein. The hypothesis is also advanced that in the normal plant 
growing under balanced nutrient conditions efficiency of respiration in this 
sense is maximal. 


The author desires to express his thanks to Sir E. J. Russell for granting 
facilities to carry out the investigation at Rothamsted; to Dr. H. Said for 
performing the tedious nitrogen estimations; to Professor V. H. Blackman, 
and particularly to Professor F. G. Gregory, for many valuable suggestions, 
continual inspiration, and encouragement. 


534 Richards—Physiological Studies in Plant Nutrition. VII 


LITERATURE CITED 


Aupus, L. J., 1935: Mechanical Stimulation and Respiration Rate in the Cherry Laurel. New 
Phyt., xxxiv. 386. 

Barker, J., 1936: Analytic Studies in Plant Respiration. VI, Part 3. The Relation of the 
Respiration to the Concentration of Sucrose. Proc. Roy. Soc., B, cxix. 453. 

Backman, F. F., 1928: Analytic Studies in Plant Respiration. III. Formulation of a Cata- 
lytic System for the Respiration of Apples and its Relation to Oxygen. Proc. Roy. Soc., 
B, ciii. 491. 

BoysEN-JENSEN, P., 1931: Uber die Einwirkung der Monojodessigséure auf Atmung und 
Garung. Biochem. Zeit., ccxxxvi. 211. 

Genevois, L., 1927: Uber Atmung und Garung in griinen Pflanzen. Biochem. Zeit., clxxxvi. 
461. 

Gopwin, H., 1935: The Effect of Handling on the Respiration of Cherry Laurel Leaves. 
New Phyt., xxxiv. 403. 

Grecory, F. G., 1937: Mineral Nutrition of Plants. Ann. Rev. Biochem., vi. 557. 

and Ricuarps, F. J., 1929: Physiological Studies in Plant Nutrition. I. The Effect 

of Manurial Deficiency on the Respiration and Assimilation Rate in Barley. Ann. Bot., 

xlili. 119. 

and Baptiste, E. C. D., 1936: Physiological Studies in Plant Nutrition. V. Carbo- 

hydrate Metabolism in Relation to Nutrient Deficiency and to Age in Leaves of Barley. 

Ann. Bot., 1. 579. 

and SEN, P. K., 1937: Physiological Studies in Plant Nutrition. VI. The Relation of 

Respiration Rate to the Carbohydrate and Nitrogen Metabolism of the Barley Leaf as 

determined by Nitrogen and Potassium Deficiency. Ann. Bot., N.S. i. 521. 

Kipp, F., West, C., and Brices, G. E., 1921: A Quantitative Analysis of the Growth of 
Helianthus annuus. Part I. The Respiration of the Plant and of its Parts throughout the 
Life Cycle. Proc. Roy. Soc., B, xcii. 368. 

LunpscaarD, E., 1930: Die Monojodessigsaurewirkung auf die enzymatische Kohlenhydrat- 
spaltung. Biochem. Zeit., ccxx. 1. 

Lyon, C. J., 1924: The Effect of Phosphates on Respiration. Journ. Gen. Physiol., vi. 299. 

1927a: Phosphate Ion as a Promoter Catalyst of Respiration. Journ. Gen. Physiol., x. 


599. 
1927b: The Role of Phosphate in Plant Respiration. Amer. Journ. Bot., xiv. 274. 

Ons.ow, M. W., 1931: The Principles of Plant Biochemistry. Part I. Cambridge Univ. Press. 

, Kip, F., and West, C., 1931: Food Investigation Board, Ann. Rep. 

Ricuarps, F. J., 1932: Physiological Studies in Plant Nutrition. III. Further Studies of the 
Effect of Potash Deficiency on the Rate of Respiration in Leaves of Barley. Ann. Bot., 
xlvi. 367. 

, 1934: On the Use of Simultaneous Observations on Successive Leaves for the Study 

of Physiological Change in Relation to Leaf Age. Ann. Bot. xlvili, 497. 

, and TEMPLEMAN, W. G., 1936: Physiological Studies in Plant Nutrition. IV. Nitrogen 

Metabolism in Relation to Nutrient Deficiency and Age in Leaves of Barley. Ann. Bot., 

1. 367. 

Saw, H., 1934: Thesis for D.I.C., Imperial College of Science and Technology, London. 

SANKARAN, R., 1936: Thesis for Ph.D., Univ. of London. 

ScuwaBeE, G., 1932: Uber die Wirkung der Aminosduren auf den Sauerstoffverbrauch sub- 
merser Gewachse. Protoplasma, xvi. 397. 

SHIH, SHENG-HAN, 1935: Thesis for Ph.D., Univ. of London. 

Spoeur, H. A., and McGee, J. M., 1923: Studies in Plant Respiration and Photosynthesis. 
Carnegie Inst., Washington. 

TURNER, J. S., 1937: On the Relation between Respiration and Fermentation in Yeast and the 
Higher Plants. New Phyt. xxxvi. 142. 

VAN DER PLANK, J. E., 1936: The Estimation of Sugars in the Mangold. Biochem. Journ., 
XXX. 457. 

VERMA, S. S., 1935: Thesis for Ph.D., Univ. of London. 

YemM, E. W., 1935: The Respiration of Barley Plants. II. Carbohydrate Concentration, and 

Ca bon Dioxide Production in Starving Leaves. Proc. Roy. Soc., B, cxvii. 504. 


NOTES 


THE CORRELATION BETWEEN EMBRYO TYPE AND ENDO- 
SPERM TYPE.—During critical and comparative studies of the life histories of 
plants which have been most commonly investigated, a striking correlation between 
types of embryo and of endosperm has been found. An explanation—in the real 
sense of the word—for this is not at present put forward, merely a statement of 
observed facts. 

In those plants in which from the beginning the embryo grows very rapidly and is 
early differentiated, the endosperm developed in the embryo-sac is almost always 
non-cellular, cell formation taking place only very late. On the other hand, if the 
growth of the embryo is very slow or if the ripe seed contains only an undifferen- 
tiated embryo, then the endosperm is cellular either from the very beginning, or 
cell formation takes place very early. 

Rapid differentiation of the embryo into cotyledons, plumule, and radicle necessi- 
tates rapid consumption of the endosperm, so that increase of non-cellular endo- 
sperm is the more economical. Cell formation in the endosperm begins when the 
embryo is nearing complete differentiation. In the case of slow-growing or undif- 
ferentiated embryos, where endosperm consumption occurs late, a more permanent 
type is formed. 

Examples taken from published papers are quoted below: chambered embryo-sacs 
are chiefly found in saprophytic and parasitic plants, and most of these contain an 
undifferentiated embryo. 

In Peperomia pellucida’ even in oldest fruits, undifferentiated embryos are formed, 
which are completely surrounded by cellular endosperm. 

In Dtospyros virginiana* the embryo is very late in appearing and remains un- 
differentiated for a very long time. The endosperm is large and is cellular. 

In Magnolia’ the cotyledons are initiated after the embryo has enlarged con- 
siderably, and the endosperm is cellular from the beginning. The embryo is 
very small. 

Thismia americana.* 'The seed has a very evident endosperm, with cells of rela- 
tively large diameter, and an inconspicuous embryo of a few cells. 

Hedyosmum nutans. 'The embryo is poorly developed and is simply an oval mass 
of cells. ‘The endosperm is cellular from the outset. 

Linaria vulgaris.© The endosperm is cellular from the beginning, and the majority 
of seeds are without embryos. The embryo is small and has two short unequal 
cotyledons. 
¥ Jounson, D. S., 1900: On the Endosperm and Embryo of Peperomia pellucida. Bot. Gaz., 


XxX. I-II. 
2 HacueE, S. M., 1911: A Morphological Study of Diospyros virginiana. Bot. Gaz., lii. 34-44. 
3 Maneva., W. E., 1914: The Development of Magnolia and Liriodendron, including a Dis- 
cussion of Primitiveness of the Magnoliaceae. Bot. Gaz., lvii. 1-31. 
4 PrerrFer, N. E., 1914: Morphology of Thismia americana. Bot. Gaz., lvii. 122-35. 
5 Epwarbs, J. G., 1920: Flower and Seed of Hedyosmum nutans. Bot. Gaz., Ixx. 409-25. 
® Cook, M. T., 1924: Development of the Seed of Linaria vulgaris. Bot. Gaz., xxvii. 225~7. 
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Christisonia.* ‘The endosperm is cellular from the beginning and the embryo is 
undifferentiated and eventually oval in shape. 

Sarcodes sanguinea.” 'The endosperm is cellular from the beginning and is scanty. 
The embryo is very rudimentary. 

Striga lutea.’ 'The endosperm is initiated by cell formation, and the fertilized egg 
does not divide immediately. 

Ertocaulon septangulare.* In the ripe seed no embryonic organs are recognizable 
and the endosperm is cellular from the 64-nucleate stage onwards. In most of the 
Aroideae,’ also, the differentiation of the embryo is very late, and correlated with this 
is the development of a cellular endosperm almost from the beginning. Any number 
of similar instances can be quoted, and in all these the embryo is deficient in growth 
and the endosperm is cellular. 

Plants in which a completely differentiated embryo is formed are very common, 
and in these it can be found that the endosperm is nuclear in the early stages, cell 
formation taking place only late. In order not to increase the bulk of this note only 
three are quoted. 

Impatiens sultani.6 The endosperm is nuclear in the beginning, but cellular after- 
wards. The embryo is fully differentiated and by the time the cotyledons and the 
radicle are differentiated only two layers of endosperm cells are formed at the peri- 
phery of the embryo-sac, the remainder being non-cellular. 

Crotalaria sagittalis.7 In the embryo the cotyledons are very well advanced. The 
endosperm is non-cellular and forms a delicate lining for the entire embryo-sac, with 
considerable masses surrounding the embryo and at the opposite end of the sac. 
The endosperm practically disappears. 

The embryo development of Gynandropsis pentaphylla® also is of this type, with 
a fully differentiated embryo, and non-cellular endosperm. 

V. S. RAO. 


Lincaraj COLtece, 
BELGAUM, 
INDIA. 


RUST PUSTULES ON ROOTS OF ANTIRRHINUM.—In the course 
of work on antirrhinum diseases in Egypt during the last few years, rust (Puccinia 
antirrhini Diet, and Holw.) was never found until it suddenly appeared in 1936, and 
was very severe and destructive on a wide range of commercial varieties. Both the 
uredo, and teleuto stages of spores have been found on the foliage. The fungus 


* WorspELL, W. C., 1897: On the Development of the Ovule of Christisonia, a genus of 
Orobanchaceae. Journ. Linn. Soc., xxxi. 576-84. 

? OLiver, F. W., 1890: On Sarcodes sanguinea Torr. Ann. Bot., iv. 303-26. 

3 MircuHett, M.R., 1915: The Embryo Sac and Embryo of Striga lutea. Bot. Gaz., lix.124-35. 

* Smit, W. R., 1910: The Floral De velopment and Embryogeny of Eriocaulon septangulare. 
Bot. Gaz., xlix. 281-9. 

5 CAMPBELL, D. H., 1900: Studies on Araceae. Ann. Bot., xiv. 1-25. 

6 Orriey, A. M., 1918: A Contribution to the Life History of Impatiens sultant. Bot. Gaz., 
Ixvi. 289-317. 

7 Cook, M. T., 1924: Development of the Seed of Crotalaria sagittalis. Bot. Gaz., Ixxvil. 
440-5. 

8 Rao, V.S., 1936: Studies on Capparidaceae II. The Embryology of Gynandropsis penta- 
phylla. Journ. Ind. Bot. Soc., xv. 335-44. 
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was found attacking leaves, stems, bracts, calices, and seed pods. When the season 
was over, and plants growing in pots were pulled up for examination, teleuto sori 
were found on the root system of some plants. It was observed on the tap and lateral 


roots (see Figure). It was ascertained that the parts of the roots which were found 
attacked by rust were unexposed to the air and actually covered by the soil. 
Rust attack on roots does not seem to have been recorded by Plowright, Grove, 


McAlpine, or Arthur. AMIN FIKRY. 
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Studies in the Phytoplankton of the River Thames 
(1928-1932). I 


BY 
C. H. RICE! 


With three Figures in the Text 


I. INTRODUCTION 


@ knowledge of the phytoplankton of British rivers, and particularly 
of the larger, slower-flowing streams, is still very inadequate. Fritsch 
(1902 and 1903) in the early part of the century published the results of a 
brief investigation of the phytoplankton of the Thames, and later (1905) added 
notes on the summer plankton of the Cam and Trent. In 1924 Butcher 
reported on the phytoplankton of the Wharfe (cf. also Schroeder, 1930). All 
these papers were essentially of a preliminary nature. Butcher (1931, 1932) 
has published two papers contributing materially to our knowledge of the 
microflora of the rivers Lark and Tees. They deal chiefly with the attached 
algae of the river-bed, although the relation between the attached algal flora 
and the phytoplankton is also discussed (1932). Butcher arrives at the con- 
clusion that the algal plankton is largely recruited from the attached algal 
community. Mention must also be made of Kofoid’s detailed investigation of 
the plankton of the Illinois (1903, 1908), which extended over a number of years. 

It is well known (cf. Butcher (1932), Fritsch (1902, 1903), and the con- 
tinental work there cited), that the amount as well as the nature of the phyto- 
plankton of a stream depends to a considerable extent on the rate of flow. It 
seemed, therefore, desirable to obtain more complete data on the phyto- 
plankton of the slow-flowing Thames. The plankton of the latter has con- 
sequently been studied at different parts of its course over a number of years 
in order to determine not only the normal periodicity, but also to establish 
how far this varies in different years and in different parts of the system. The 
presence of numerous tributaries and stagnant backwaters, moreover, 
appeared to constitute a possible source of supply for the phytoplankton, and 
this question has furnished a further subject for inquiry. 

Investigations? with these objects in view were begun in 1928 at the sugges- 
tion of Professor Fritsch. Material was collected at fortnightly intervals from 


1 From the Department of Botany, Queen Mary College. In this communication the 
results are presented in a reduced form. The full data, with many additional tables and 


graphs, are given in a thesis presented to the University of London. f ' 
2 They were rendered possible by three grants from the Royal Society without which aid 


these investigations could not have been carried through. 
[Annals of Botany, N.S. Vol. II, No. 7, July 1938.] 
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Rotherhithe (in the London dock area), Kew and Shepperton, although 
during the winter it was often only possible to obtain material once a month. 
Collections were made at Kew for three years and at Shepperton for four, 
while those at Rotherhithe were discontinued after the first year. The plank- 
ton was collected with the help of a large net (diam. 25 cm.) of bolting silk 
(mesh o-1 mm.) towed from the stern of a rowing-boat for approximately the 
same length of time, and over the same portion of the river at each collection, 
at a given station. Since, however, the strength of the current varied consider- 
ably from time to time, the volume of water passing through the net was not 
the same for two successive collections. 


II. GENERAL CONSIDERATION OF THE CHEMICAL AND METEOROLOGICAL DaTa 


(a) Monthly mean air temperature. (Data from Kew Observatory.) 


The annual sequence for each of the years under consideration was, in 
general, the same, the coldest month being either January or February, with 
a mean temperature of 38° or 39° F. and the maximum (62°-65° F.) usually 
being attained in July. The most striking divergence from the normal was 
exhibited during January and February 1929, when the mean temperature 
(32° and 35° F. respectively) was well below the minimum for the other years. 


(5) Monthly mean water temperature. (Metropolitan Water Board and L.C.C. 

Records.) 

The M.W.B. figures were only available for the period 1928-30, while those 
of the L.C.C. were incomplete. Generally speaking, the curve of the mean 
monthly water temperatures closely follows that of the mean air temperatures. 
The water temperatures usually range from 4° to 18° C., but that of F ebruary 
1929 was below 2° C. 


(c) Total monthly sunshine. (Data from Kew Observatory.) 


_ In general the minimum number of hours of sunshine (20-40 hours) was 
recorded during December or January. The maxima show considerable 
variation from year to year, and the value decreased from 1928 with 290 hours 
(in July) to 1931 with 170 hours (in June); 1932 again showed an increase (210 
hours in June). The total sunshine for 1929 was, however, greater than in 
1928, and was the highest for the five years under review. On the other hand 
1931 had an exceptionally low record. 


(4) Rainfall for the Thames Valley above T: eddington. (Data from Meteoro- 
logical Office Records.) 


The general monthly rainfall is very erratic, as Fig. 1 illustrates. Pearsall 
(1923) has shown that the flood rainfall (i.e. monthly rainfall minus monthly 
loss of water by evaporation) gives a truer indication of the effect upon a river 
than the data relating to rainfall alone, the effect of which can partly be 
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ascribed to its high oxygen content. Since evaporation records for the Thames 
Valley were not available, the Camden Square data have been utilized to 
construct the graph (Fig. 1) for the flood rainfall above Teddington. 
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Fic. 1. Rainfall for Thames Valley [™™ = flood rainfall]—scale on left, FS is ake 
flow of Thames—scale on right. 


The significant features of this graph are: 
i. the dry summer of 1929; 
ii. the moderately dry winters of 1928-9 and 1931-2, the former being 
accompanied by severe frosts; 

ili, the wet summer of 1931; 

iv. the exceptionally high flood rainfall during November and December 
1929 (which caused considerable flooding in some reaches of the river), 
as well as the high records for October 1928, November 1930, and May 
1932; 


v. the absence of flood rainfall during June of each year. 
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(e) The velocity or natural flow of the river. (Data from Thames Conservancy 

Board.) 

The velocity of the river is expressed as the total volume of water flowing 
over Teddington Weir each month, and in general is greatest in winter and 
least in summer. The most striking figures of the velocity curve (Fig. 1) are: 

i. the exceptionally fast current during December 1929 and January 1930, 
when the river overflowed its banks and caused extensive flooding of 
the surrounding country-side; 

li. the slow current during the summer of 1929; 

ili, the rapid current during May 1932. 

There is a general correspondence between the graphs for Velocity and 
Flood Rainfall except for a marked lag in the velocity curve during the winter 
months. At these times the velocity continues to increase after the amount of 
flood rain has commenced to diminish. At other seasons of the year the two 
graphs correspond much more closely. Although heavy flood rainfall is 
responsible for an increase in the volume of water flowing over Teddington 
Weir no close quantitative relation between the two sets of data is apparent. 
This is no doubt partly due to the fact that, except during periods of excep- 
tionally high rainfall (as in the winter of 1929-30), the volume of water flowing 
downstream is more or less controlled by the numerous weirs. 


(f) Chemical analyses. 

The Metropolitan Water Board (Houston, 1928-32) undertake regular 
analyses of the river water at Walton-on-Thames, which is well above the 
limit of tidal influence, whilst the London County Council make similar 
analyses from various parts of the tidal region including Kew, which is 
almost at the limit of tidal influence. The L.C.C. data for Kew were, 
however, only available for the summer months of the years 1928-31 and are 
not included in the graphs (Fig. 2). 

(i) Total oxidized nitrogen (nitrates and nitrites) (Fig. 2). Although there is 
generally an increase in nitrates and nitrites during or immediately following 
periods of flood rainfall, at Walton, there is no close correlation between the 
two sets of data. The maximum content of oxidized nitrogen is usually 
realized during March, after which the amount steadily decreases until July. 
After this, there is a further, but by no means steady increase to the March 
maximum. The exceptionally low content in oxidized nitrogen during the 
summer of 1929 was undoubtedly due to absence of flood rainfall. At Kew the 
amount of nitrate and nitrite is usually far in excess of that at Walton. In the 
summer of 1929, when the amount at Walton was unusually small it was 
exceptionally large at Kew, which is probably due to sewage pollution. 

(11) Ammontacal nitrogen (Fig. 2). At Walton the maximum amount of am- 
moniacal nitrogen occurs during the winter months (November to February), 
and the minimum during summer (May to September). The amount was 
above the average in the early part of 1929. At Kew the ammoniacal nitrogen 
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content is approximately ten times that at Walton, which affords further 
evidence of sewage pollution. 

(iii) Albuminoid nitrogen (Fig. 2). At Walton the content in albuminoid 
nitrogen usually shows two maxima, one in June and the other either in 
November or in December. Minima occur in March and October. November 
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and December are usually very wet, while March is dry. The November- 
December maximum is due to the large amount of organic debris always pre- 
sent at this time of the year, when the current is fastest. Part of this debris 
consists of dead or decaying macrophytes torn off the river-bed, while a con- 
siderable amount is washed in from drainage channels. The amount of 
organic nitrogen was very low throughout the year 1928. 

(iv) Oxygen absorbed from potassium permanganate (Fig. 2). At Walton the 
maximum of oxygen absorbed from permanganate closely corresponds with 
the maxima for flood rainfall, when considerable amounts of organic material 
are washed into the river. At Kew matters are complicated by sewage pollu- 
tion; the high figures obtained during the summer of 1929 are probably due to 
this cause. 
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(v) Turbidity. At Walton there is a fairly close relation between turbidity 
and oxygen absorbed from potassium permanganate. The water is most turbid 
when flood rainfall is greatest; the turbidity being almost wholly due to 
inorganic and organic debris. The amount of plankton is seldom great 
enough to impart any marked colour to the water, except, perhaps, for a 
brownish tinge in spring, when diatoms are particularly abundant. This is in 
agreement with Kofoid’s observations on the Illinois. 

(vi) Hydrogen-ion concentration. Only the L.C.C. records for Kew were 
available. Here the pH ranges between 7-25 to 8-5, being highest in spring 
and lowest in summer or autumn, i.e. the hydrogen-ion concentration is at 
its lowest at the time of the spring maximum of the phytoplankton. This 
is no doubt due to the removal of carbon dioxide by the latter, while the pre- 
sence of large amounts of decaying organic matter in summer is probably 
responsible for the maximum. 

(vii) Percentage of aeration. 'The percentage of aeration at Kew is lowest 
during the summer months, and appears to be largely determined by rainfall 
and the amount of organic matter present in the water. It was exceptionally 
low during the summer of 1929, when there was a low rainfall and a high 
organic content in this part of the river. 

(viii) Hardness. At Walton the most marked variation in hardness occurred 
during 1929. The lower values during the summer months are related to the 
low flood rainfall. It is, however, difficult to explain the continued decrease 
in hardness during the winter of 1929 in view of the high flood rainfall. 


III. THE PHYTOPLANKTON OF THE MAIN RIVER 


(a) The amount of phytoplankton. 

Since no accurate quantitative estimations were made the amount of phyto- 
plankton present in the diverse collections is only considered from the com- 
parative point of view. Owing to the amount of debris in some of the samples 
it was wellnigh impossible to count the number of organisms present with 
any degree of accuracy. The frequencies of the various organisms present in 
each haul are, therefore, expressed by symbols based on those used by Fritsch, 
and Rich (1913). The numerical values that have been allotted to these 
symbols,’ though arbitrary, approximately correspond with the number of 
individuals observed when samples of a catch were examined under a $ in. 
cover-glass. The numbers thus arrived at have been used in estimating the 
relative amount of plankton organisms present each month. Cocconeis 
placentula has been ignored in computing these monthly figures, as no free- 


q No. of individuals No. of individuals 
per sample per sample 
Abundant A = 500 Uncommon U = 25 
Plentiful P2550 Rare R=) 10 
Common  C = 100 Scarce SS fC 
Prequen tHe co Isolated ator 
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floating frustules of this species were observed in samples of the fresh material 
(see p. 552). 

(i) Shepperton (Fig. 3). The maximum abundance of phytoplankton occurs 
in March and is chiefly due to the preponderance of a few characteristic 
diatoms, viz.: Asterionella gracillima, Diatoma vulgare, Nitzschia linearis, 
Surirella ovata, Synedra ulna, and Navicula viridula, while Melosira varians 
and Synura uvella (Chrysophyceae) are also quite common. This maximum 
always occurs very suddenly since the amount of plankton during the preced- 
ing months is small. It seems probable that the sudden increase in the amount 
of plankton, and particularly of diatoms, in March may be related to the con- 
siderably increased duration of sunshine in this month. The number of 
plankton organisms decreases in April, but during May, as a rule, there is 
again an increase varying considerably in amount from year to year. After 
this there is a steady decrease until the late summer or autumn, when there is 
again a slight increase. The number of organisms then decreases to a mini- 
mum during the winter months. 

The exceptionally high maximum in March 1929 followed a cold, dry 
January and February; furthermore, the current was unusually slow for this 
time of the year (Fig. 1). The lowest March maximum occurred in 1932, 
when the spring was wetter than usual, although the current was slower than 
during the corresponding month of the previous year. 

The amount of phytoplankton present from June to September 1931 was 
less than in the summers of the other years under consideration. This is 
perhaps related to the fact that as a result of the higher flood rainfall there was 
a stronger current during that summer. It is more difficult to find a cause for 
the general paucity of plankton during the spring of 1932, since in March 
and April the strength of the current, and other factors (temperature, rainfall, 
amount of sunshine, &c.) did not differ materially from the corresponding 
records for the previous year. In May, which was exceptionally wet with an 
unusually fast current and turbid water, a further diminution in the amount 
of plankton ensued. 

The diatom numbers follow, fairly closely, those of the total phytoplankton. 
The March phase is due to the sudden increase of species, all of which have 
been present in small numbers in the preceding months. The number of 
diatoms always decreases in April followed by an increase in May, which 
varies in amount from year to year. A much smaller secondary maximum 
occurs in the late summer or autumn, most marked in October 1931, an un- 
usually dry month. 

The marked increase in the amount of plankton in August 1932 was mainly 
due to green algae, also Dinobryon divergens, and may be related to the high 
mean air temperature (67° F.) during that month. In 1931, with a lower 
average temperature, the secondary maximum was due almost entirely to 
increase in diatoms. ‘These differences may also be related to the duration 
of sunshine. 
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(11) Kez (Fig. 3). As at Shepperton the plankton maximum at Kew usually 
occurs in March, although in 1930 it was deferred until April. There is, 
however, at Kew no secondary increase of plankton in May. A noteworthy 
point is the marked difference between the amounts of plankton at Kew and 
at Shepperton in the summer of 1930. The numbers at Kew in this year 
remained very low from May onwards. The only significant factor seems to 
be the low pH value. 

The diatom numbers again closely follow those of the total phytoplankton. 
There is a small secondary maximum in late summer or autumn, which runs 
parallel with the plankton totals to a more marked degree than at Shepperton. 


(5) Relation between quantity of phytoplankton and environmental factors. 


(i) Velocity of the current. There is a definite correlation between the 
periodicity of the diatoms, and in fact of the whole of the phytoplankton, and 
a falling water-level, high plankton numbers invariably occurring when the 
current is relatively slow. The current is usually strongest during December 
or January, but when the March maximum occurs it has slowed down con- 
siderably, though by no means to its minimum rate (Fig. 1). This is in agree- 
ment with the conclusions arrived at by Kofoid, and by Pearsall (1930). 

The sudden increase of plankton in March does not appear to be due to 
any considerable extent to detachment of attached species by flood waters, 
since already in February the velocity of the current has diminished consider- 
ably (Fig. 1), whereas the total amount of plankton (and of diatoms) has not 
yet begun to increase appreciably. In fact at Kew there is little or no increase 
in the amount either of the total plankton or of diatoms during February. 
Furthermore, after the high flood rainfall and increased speed of current in 
May 1932, the total amount of plankton (and of diatoms), nevertheless, dimi- 
nished steadily until the end of July. Butcher (1932) has already pointed out 
that there will not in times of flood necessarily be an increase in the proportion 
of plankton since the volume of water is also increased. The preceding con- 
siderations, however, indicate that in a slow-flowing river such as the Thames, 
despite the probable derivation of the bulk of the plankton from the attached 
microflora (see Part II), there may, when conditions are suitable, be a con- 
siderable increase in the amount of phytoplankton as the result of multiplica- 
tion of individuals during their passage downstream. Such multiplication 
was observed in the case of Synedra ulna, Melosira varians, Pandorina morum 
and Eudorina elegans. 

(ii) Oxidized nitrogen and ammonia. A high content in oxidized nitrogen. is 
associated with high diatom numbers, except when the former occurs during 
the winter months (Fig. 2). This relation is specially evident in March. ‘There 
is not, however, a necessary connexion between low diatom numbers and a 
low nitrate content, although this seemed to obtain during the summer of 1929, 
when the amount of nitrate was abnormally low (Fig. 2). It thus appears that 
the nitrate content is seldom low enough to interfere seriously with diatom 
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development. From March onwards a considerable quantity of nitrates and 
ammonia must be utilized by the phytoplankton and, owing to lack of rainfall 
in summer, only diminished supplies will be introduced, so that a low content 
in oxidized nitrogen and ammonia occurs in summer when there is usually 
still an appreciable amount of plankton present. 

The maximum of ammonia occurs at Shepperton during the winter months 
(Fig. 2) when there is little plankton. ,The amount of ammonia seems partly 
determined by the amount of plankton present, although at Kew it is un- 
doubtedly increased by pollution. 

Pearsall (1923), from a consideration of the data available for the Illinois 
River, concluded that the limiting factor for diatom-development in such 
waters, which are rich in nitrates, silicates, and organic matter, is much more 
likely to be some other. factor such as dissolved oxygen, the amount of which 
is high in spring. Judging from the meagre data available for the Thames the 
percentage of aeration does not shed any light on diatom-periodicity in this 
case. 


(c) The composition and periodicity of the plankton. 


The mixed marine and freshwater phytoplankton in the river at Rother- 
hithe is composed in the main of forms which are either dead or in a dying 
condition. ‘The water here is always extremely turbid and no doubt highly 
polluted with sewage and other effluents. The large amount of organic matter 
present is often accompanied by a very low percentage of aeration, while the 
influx of sea-water at high tides leads to a very highsalinity. These factors are 
evidently not conducive to the well-being of the majority of plankton organ- 
isms. The only forms commonly met with in a living condition are (a) the 
animals Brachionas pala, Eurytemora affinis, and Daphnia magna, the two 
former often very abundant, and (5) certain diatoms, both marine (Thalassiosira 
decipiens, Rhaphoneis amphiceros, and Nitzschia sigma) and freshwater (Cyclo- 
tella Ktitzingiana, C. Meneghiniana, Diatoma vulgare, Synedra ulna, Cocconeis 
placentula, Navicula viridula, and N. gracilis). The marine forms have no 
doubt been introduced with tidal water, while the others have been carried 
down from higher reaches. Species like Cocconeis placentula and Navicula 
viridula are, however, known to be frequent in such habitats since Butcher 
(1932) records them from the tidal reaches of the Tees. Certain attached fila- 
mentous algae appear to thrive in this region of the river, occurring on the 
sides of wharves and on piles and steps, which are submerged at high tide 
but left exposed at low tide. These include Oedogonium sp. Enteromorpha sp., 
Rhizoclonium hieroglyphicum (with epiphytic Achnanthes sp.), Vaucheria sp., 
and Microcoleus vaginatus. 

The seasonal sequence at Rotherhithe is briefly as follows: From Novem- 
ber to February few living forms are encountered; the only common species 
are Thalassiosira decipiens and Cocconeis placentula, although the latter is 
only seen in diatom-preparations (see p. 552). In March Thalassiosira be- 
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comes abundant while Synedra ulna is now common. During April Synedra 
increases in amount, becoming the dominant form, while Thalassiosira exhibits 
a marked decrease and .Navicula viridula becomes prominent. In May 
Thalassiosira and Navicula are both common, but Synedra diminishes in 
numbers. During June Thalassiosira is still common, while Nitzschia sigma 
springs into equal prominence. In July Nitzschia remains common and Thalas- 
siosira again increases in amount. Throughout August conditions are much 
the same except that Cyclotella Meneghiniana is now as plentiful as Nitzschia. 
During September all species exhibit a decrease. The most prominent species 
in October are Thalassiosira, Cocconeis, and Cyclotella Kiitzingiana. Although 
never common Rhaphonets amphiceros is frequent throughout summer and 
autumn. 

The plankton of the non-estuarine part is composed almost entirely of 
plants. At Kew, near the limit of tidal influence, the plankton generally 
resembles that of the higher reaches. Apart from seasonal differences (Table 
and p. 554) its most distinctive features are: (a) the occurrence of a few 
characteristic marine diatoms, viz. Coscinodiscus excentricus, Nitzschia sigma, 
Thalasstosira decipiens, Biddulphia aurita, and Rhaphoneis amphiceros, of 
which only the first two are usually seen in healthy condition, (6) the presence 
of Stephanodiscus astraea, Melosira granulata, and Ceratium hirundinella, and 
(c) the paucity of Eudorina, Pandorina, and Closterium spp. 

As in other rivers the dominant forms are diatoms. Species of Chloro- 
phyceae and Chrysophyceae, except at certain times, usually during the sum- 
mer, are relatively unimportant constituents of the phytoplankton. The 
paucity of Myxophyceae is worthy of comment. During the autumn, winter, 
and early spring the character of the plankton is, generally speaking, similar 
from year to year, but this is not the case during late spring and summer, 
when there is considerable variation in the relative abundance of the various 
species. 

(i) The constituent algae. In the ensuing list the arrangement followed is 
that of West and Fritsch (1927) except in the case of diatoms, for which 
Hustedt’s (1930, 1930-1) classification has been adopted. 


A. CHLOROPHYCEAE (ISOKONTAE) Ankistrodesmus falcatus var. mirabilis 


Chlamydomonas Reinhardtiit Dang. 


” spp. 
Gonium pectorale Miill. 
Pandorina morum (Mill.) Bory. 
Eudorina elegans Ehr. 
Volvox aureus Ehr. 
Pediastrum Boryanum (Turp.) Menegh. 
tetras (Ehr.) Ralfs. 

AA duplex Meyen. 
Micractinium pusillum Fresen. 
Lagerheimia genevensis Chod. 
Ankistrodesmus falcatus (Corda) Ralfs. 
Ankistrodesmus falcatus var. duplex 

(Kiitz.) G. S. West. 


” 


W. and G. S. West. 
Actinastrum Hantzschi (Lagerh.) var. 
fluviatile Schréd. 
Kirchneriella obesa (West) Schmidle. 
Dictyosphaerium Ehrenbergianum Naeg 
Westella botryoides de Wildem. 
Crucigenia rectangularis (Naeg.) Gay. 
Tetrastrum staurogeniaeforme (Schréd.) 
Chod. 
Scenedesmus quadricauda (Turp.) Bréb. 
Scenedesmus quadricauda var. horridus 
Kirchn. 
Scenedesmus obliquus (Turp.) Kitz. 
byugata (Turp.) Lagerh. 


” 


55° 
Scenedesmus denticulatus Lagerh. 
Closterium Leibleinii Kitz. 
moniliferum (Borg.) Ehr. 
Ehrenbergii Menegh. 
acerosum (Schrank) Ehr. 


” 


” 


” 


Closterium peracerosum Gay var. elegans 


G.S. West. 


Closterium aciculare Tuffen West var. 


subpronum G.S. West. 
Closterium siliqua W. and G. S. West. 
5 gracile Bréb. 
Cosmarium ornatum Ralfs. 
a praemorsum Bréb. 
Staurastrum paradoxum Meyen. 
Hyalotheca dissiliens (Sm.) Bréb. 


B. XANTHOPHYCEAE (HETEROKONTAE). 
Ophiocytium capitatum Wolle. 


C. CHRYSOPHYCEAE. 
Chromulina ovalis Klebs. 
‘ microplankton Pascher. 
Mallomonas acaroides Perty. 
Synura uvella Ehr. 


Dinobryon cylindricum Imhof. var. 


palustre Lemm. 
Dinobryon divergens Imhof. 
a Sertularia Ehr. 


D. BACILLARIALES (DIATOMALES). 


(1) CENTRALES 
Melosira varians Ag. 
,  granulata (Ehr.) Ralfs. 
a arenaria Moore. 
5,  sulcata (Ehr.) Kitz. 


Thalassiosira decipiens (Grun.) Joergen- 


sen. 

Cyclotella Kiitzingiana 'Thwaites. 

a Meneghiniana Kitz. 

" comta (Ehr.) Kitz. 
Stephanodiscus astraea (Ehr.) Grun. 

4 Hantzschi Grun. 
Coscinodiscus excentricus Ehr. 

i lineatus Ehr. 

Actinoptychus undulatus (Bail.) Ralfs. 


= splendens (Shadb.) Ralfs. 


Aulacodiscus argus (Ehr.) A. Schmidt. 
Triceratium favus Ehr. 


(2) PENNALES 
Diatoma elongatum Agardh. 

,, vulgare Bory. 
Meridion circulare Agardh. 
Fragilaria crotonensis Kitton. 

+ capucina Desmaziere. 

5 intermedia Grun. 

Ke Harrisonii W. Sm. 

; pinnata Ehr. 
Rhaphoneis amphiceros Ehr. 
Asterionella gracillima (Hantzsch) 

Heiberg. 
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Synedra ulna (Nitzsch) Ehr. 
oA ,, var. biceps Kiitz. 
i. capitata Ehr. 
“a acus Kitz. 
var. radians (Kitz.) 
Hust. 
- » var. angustissima Grun. 
. affinis Kitz. 
os pulchella Kutz. 
», parasitica W. Sm. 
Cocconeis placentula Ehr. 
Achnanthes microcephala Kitz. 
minuttissima Kutz. 
linearis W. Sm. 
lanceolata Bréb. 
Rhoicosphenia curvata (Kitz.) Grun. 
Frustulia rhomboides (Ehr.) De Toni. 
, vulgaris Thwaites. 
Gyrosigma acuminatum (Kiitz.) Rabh. 
Ag attenuatum (Kiutz.) Rabh. 
+r Spenceri (W. Sm.) Cleve 
var. nodosa Grun. 
Pleurosigma angulatum (Quekett) W. 
Sm. 
Calonets amphisbaena (Bory.) Cl. 
5 silicula (Ehr.) Cl. 
Schumanniana (Grun.) Cl. 
Neidium affine (Ehr.) Cl. 
os tridis (Ehr.) Cl. 
Stauroneis anceps Ehr. 
A acuta W. Sm. 
= Smithit Grun. 
Navicula cuspidata Kitz. 
<t mutica Kitz. 
A bacillum Ehr. 
i mpupulasicutz 
* integra (W. Sm.) Ralfs. 
cryptocephala Kitz. 
var. intermedia 
Grun., 
Bs salinarum Grun. 
a rhynchocephala Kitz. 
ie viridula Kitz. 
Fe. PViaten: 
fe hungarica Grun. 
Be radiosa Kitz. 
- gracilis Ehr. 
Fe », var. Schizonemoides V.H. 
» peregrina (Ehr.) Kiitz. 
AS menisculus Schumann. 
5 Reinhardtit Grun. 
» placentula (Ehr.) Grun. 
lanceolata (Agardh) Kiitz. 
Pinnularia microstauron (Ehr.) Cl. var. 
Breébissonu (Kiitz.) Hust. 
Pinnularia viridis (Nitzsch.) Ehr. 
Amphora ovalis Kitz. 
var. pediculus Kitz. 
Cy mbella Ehrenbergii Kitz. 


” ” 


”» 


” 


” ” 
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Cymbella prostrata (Berk.) Cl. 


ventricosa Kiitz. 

affinis Kitz. 

cistula (Hemprich) Grun. 
lanceolata (Ehr.) V.H. 
tumida (Bréb.) V.H. 


Cymatopleura solea (Bréb.) W. Sm. 


elliptica (Bréb.) W. Sm. 


Surirella biseriata Bréb. 


linearis W. Sm. 
angustata Kitz. 
robusta Ehr. var. splendida 


Gomphonema acuminatum Ehr. 
olivaceum (Lyng.) Kitz. 

Hantzschia amphioxys (Ehr.) Grun. 
Bacillaria paradoxa Gmelin. 
Nitzschia navicularis (Bréb.) Grun. 

a hungarica Grun. 

a angustata (W.Sm.) Grun. 

~ dubia W. Sm. 

e linearis W. Sm. 

ig recta Hantzsch. 

$ dissipata (Kiitz.) Grun. 

3 acuta Hantzsch. 

" amphibia Grun. 

palea Grun. 

) communis Rabenh. 

s sigmoidea (Ehr.) W. Sm. 

i vermicularis (Kiitz.) Grun. 

i sigma (Kitz.) W. Sm. 

Fe parvula Lewis. 

A acicularis W. Sm. 


(Ehr.) V.H. 
ol Caproni Bréb. 
is ovata Kitz. 
a », var. pinnata W. Sm. 
x 5, var. crumena (Bréb.) 


Campylodiscus noricus Ehr. var. hiber- 
nica (Ehr.) Grun. 


E. CRYPTOPHYCEAE. 
Cryptomonas ovata Ehr. 


F. DINOPHYCEAE. 
Ceratium hirundinella O.F.M. 


G. EUGLENINEAE. 
Euglena viridis Ehr. 


H. MyxopuyceaE (CYANOPHYCEAE). 
Merismopedia glauca (Ehr.) Naeg. 
Microcystis aeruginosa Kitz. 


A comparison of the lists, giving the commoner members during the period 
1928-32 (Table) with the data obtained by Fritsch in 1902-3, reveals that 
the composition of the plankton has changed considerably during the course 
of the last thirty years. 

The most important differences are as follows: 

(1) Melosira arenaria,’ Cymbella gastroides, Fragilaria virescens, Tabellaria 
fenestrata, and Grammonema sp. were all found by Fritsch to be moderately 
common in the river between Teddington and Kingston, whereas none of 
these species were found during the course of these investigations. 

(2) On the other hand, a number of species now common at Shepperton and 
Kew, viz.—Dzinobryon divergens, Cyclotella Meneghiniana, C. Kiitzingiana, 
Thalassiosira decipiens, Diatoma vulgare, Fragilaria capucina, F. crotonensis, 
Rhotcosphenia curvata, Navicula cryptocephala, N. viridula, Nitzschia linearis, 
N. recta, N. sigma, and N. vermicularis—were not recorded by Fritsch from the 
Thames. 

(3) Furthermore, Fritsch’s data show that Campylodiscus noricus, Surirella 
biseriata, and SS. splendida (S. robusta var. splendida) were, during the period 
1902-3, common constituents of the Thames plankton, but this was never the 
case from 1928 to 1932. 

(ii) Seasonal variation at Shepperton (Table). During December and 
January Cocconeis placentula is the commonest form in diatom preparations. 
Since, however, no free-floating frustules of this species were ever observed 


1 First recorded as M. moniliformis ; cf. Fritsch (1905). 
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during the examination of fresh material, their presence must be due to the 
occurrence of this species on fragments of macrophytes torn off by the stream 
and collected by the net. A large number of the diatoms present in midwinter 
occur only as empty frustules, but a number of living individuals of most 
species present are always encountered, the most important being Melosira 
varians, Asterionella gracillima, Synedra ulna, Navicula spp., Gyrosigma 
attenuatum, Nitzschia linearis, and N. sigmoidea; Astertonella gracillima was 
rather common during the winters of 1928-9 and 1929-30. Synura uvella is 
usually present in some numbers in January. During February Cocconets 
placentula is still frequent in diatom-preparations and Asterionella gracillima 
often rather common, while Synura increases in amount. 

In March the Spring Phase commences, the commonest diatoms being 
Nitzschia linearts and Synedra ulna, while Navicula viridula, Surirella ovata, 
and sometimes Asterionella gracillima play an important part; Synura uvella, 
Melosira varians, and Diatoma vulgare are also quite common. All these 
species have been present previously in small numbers. During April Nitzschia 
linearis is still very common, and in fact often increases in amount, while 
Synedra ulna, and especially Surirella ovata, diminish in number; Asterionella 
and Melosira varians may exhibit an increase. Navicula viridula and Diatoma 
vulgare are still common and Nitzschia vermicularis rather common. In some 
years (viz. 1929 and 1930) Synura uvella decreases in numbers. Although the 
same species are present as in March, their relative abundance varies some- 
what from year to year. 

In May Melosia varians may become one of the dominant species and 
Asterionella is often prominent. Nitzschia linearis, Navicula viridula, and 
Synedra ulna have as a rule decreased in amount, although the first named is 
still common; Diatoma vulgare, too, remains rather common. A number of 
green algae (Eudorina elegans, Scenedesmus quadricauda, and Closterium Ehren- 
bergi) appear during this month, while in 1929 Dinobryon divergens was very 
common. 

During June, July, and August a greater diversity of organisms is present, 
but the summer plankton varies considerably from year to year. In June 
Stephanodiscus Hantzschit is usually common (not 1930 and 1931). Fragilaria 
capucina and Dinobryon divergens were exceptionally common in 1929. Pedia- 
strum Boryanum, P. duplex, Scenedesmus quadricauda, and occasionally other 
green algae (e.g. Dictyosphaerium Ehrenbergianum) are rather frequent in the 
June plankton. During July Melosira varians is often very common and in 
1930 Synedra ulna was codominant with it. In 1932, however, Stephanodiscus 
Hantzschu was the most prominent species. Green algae often play a con- 
siderable role during July, Pediastrum duplex in 1929, P. Boryanum in 1932, 
and Closterium moniliferum in 1931. Dinobryon divergens continued to be 
common in 1929. In August Melosira varians, Synedra ulna, Navicula crypto- 
cephala, N. viridula, and sometimes Dinobryon divergens are all present in 
moderate numbers. Stephanodiscus Hantzschii was abundant in 1932. The 
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two species of Pediastrum and Closterium moniliferum are sometimes well in 
evidence (especially in 1930 and 1932), while Pandorina morum was common 
at Staines in 1928 and at Shepperton in 1929. 

In September Melosira varians, Navicula cryptocephala, and Gyrosigma 
attenuatum are well represented, while in 1928 and 1929 Dinobryon divergens 
was also common. Pediastrum duplex, P. Boryanum, Closterium moniliferum, 
and occasionally other green algae (e.g. Actinastrum Hantzschii in 1929) are 
often still present in perceptible numbers. During October Melosira varians 
remains common, while Synedra ulna, Amphora ovalis, Gyrosigma attenuatum, 
Navwicula cryptocephala, N. viridula, and N. gracilis are moderately abundant. 
Asterionella gracillima was very prominent in 1931. As a rule Cocconeis 
placentula springs into prominence in the diatom-preparations in this month. 
Green algae have usually become rather scarce. 

In November Melosira varians and Cocconeis placentula are usually the 
two most prominent species, and are accompanied by Gyrosigma attenuatum, 
Nawvicula gracilis, N. cryptocephala, and Nitzschia sigmoidea in some numbers. 
Asterionella appeared in large quantity in November 1928. 

(iii) Seasonal variation at Kew (Table I). In December and January, as at 
Shepperton, Cocconeis placentula is the most abundant form in diatom- 
preparations. Melosira varians often persists into December, while Asterionella 
gracillma appears in some numbers at this time of the year. In February 
Cocconeis remains rather common and Melosira varians is often well repre- 
sented, while Asterionella gracillima is now usually a prominent form. 

With the commencement of the spring phase in March Synedra ulna, 
Navticula viridula, Nitzschia linearis, and Surirella ovata all become very 
common, while Asterionella is now present in considerable numbers; Nitzschia 
recta, Gomphonema olivaceum, and Melosira varians, as well as two Chryso- 
phyceae (Synura uvella, Chromulina ovals), are often rather common. Chromu- 
lina ovalis and Gomphonema olivaceum also occur at Shepperton, but never as 
plentifully as at Kew, where their prominence is possibly due to pollution; 
this does not, however, agree with Butcher’s (1932) views on the occurr- 
ence of G. olivaceum. In April Nitzschia linearis and Navicula viridula are 
generally codominant. Asterionella and Stephanodiscus Hantzschi were 
abundant in 1929, and Melosira varians in 1930. Synedra ulna, and especially 
Surirella ovata, have decreased in amount. Diatoma vulgare is often rather 
common. 

In May Melosira varians is usually very common, while Nitzschia linearis 
and Navicula viridula have decreased. Asterionella is always rather common 
and was especially prominent in 1929. Other relatively common diatoms are 
Synedra ulna, Surirella ovata, and Diatoma vulgare. In 1928 Closterium 
Ehrenbergii was very conspicuous. 

As at Shepperton the composition of the summer plankton exhibits con- 
siderable variation from year, to year. In June Melosira varians,,Fragilaria 
capucina, Navicula viridula, ‘and Stephanodiscus Hantzschii are all usually 
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rather common, and in 1929 the last mentioned was abundant. Certain other 
algae (mainly green), are also on occasion rather common, viz. Closterrum 
Ehrenbergii in 1928, Micractinium pusillum, Scenedesmus quadricauda, and 
Dinobryon divergens in 1929 and Dictyosphaertum Ehrenbergianum in 1930. In 
July Stephanodiscus Hantzschii is often one of the most abundant species, 
while Pediastrum duplex may be rather frequent. Cyclotella Meneghiniana was 
common in 1928, Synedra ulna and S. acus in 1929, while both Fragilaria 
crotonensis and Ceratium hirundinella were prominent in 1930. In August 
Thalassiosira decipiens, Melosira granulata, and Cyclotella Meneghiniana are 
often present in considerable numbers, while Pediastrum duplex is found in 
some quantity. Westella botryoides was common in 1928, Synedra acus var. 
radians and Nitzschia sigma in 1929, while Fragilaria crotonensis and Ceratium 
hirundinella were still prominent in August 1930. 

During September Melosira granulata remains abundant, while 'Thalassio- 
sira is often less marked. Cyclotella Meneghiniana, Stephanodiscus Hantzschit, 
and Pediastrum duplex were all common in 1928, Dinobryon divergens was pro- 
minent in 1929, and Fragilaria crotonensis and Synedra acus var. radians were 
rather common in 1930. In October 'Thalassiosira usually increases in amount 
and may become very common, but Melosira has diminished. Asterionella 
gracillima is now, as a rule, common. In November the commonest diatoms 
are usually Melostra varians and Cocconets placentula, with Gyrosigma attenua- 
tum and Navicula viridula in lesser numbers, but in 1929 Thalassiosira was 
the only prominent alga found in the plankton. 

The seasonal sequence is thus, generally speaking, the same at Kew and at 
Shepperton, but there are marked differences in the late summer and autumn, 
in fact from July to October the dominant species at these two stations are 
seldom the same. The most striking differences are due to: 

(a) the appearance at Kew of considerable numbers of Melosira granulata, 
Cyclotella Meneghiniana, Fragilaria crotonensts, and the marine Thalas- 
siosira, all of them rare or absent at Shepperton, and 

(b) the greater abundance of Melosira varians, Synedra ulna, Navicula 
cryptocephala, N. gracihs, N. viridula, Gyrosigma attenuatum, Amphora 
ovalis, as well as of Clostertum moniliferum and other green algae at 
Shepperton. 

It is possible that the scarcity at Kew of the species enumerated under (6) is 
due to greater salinity of the water or to pollution, since both factors are 
always more pronounced during summer and autumn, when flood rain is 
scarce. 

(iv) Consideration of environmental conditions in relation to phytoplankton 
during the years 1929 and 1931 at Shepperton. A consideration of the amount 
and composition of the plankton in relation to the environmental factors 
during 1929 and 1931 is of interest on account of the marked differences in 
climatic conditions, which operated during the spring and summer months 
of these years. 
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The environmental factors are summarized in the following table: 


Factor. Period. 1929. 1931. 
Total flood rainfall . Jan.—Dec. 17°52 in. 15°60 in. 
Jan.—Sept. Tele 5 1OAISIE Se 
Mar.—Sept. — S07) 5 
Total sunshine . . Mar.—Sept. 1,386 hrs. 974 hrs. 
June-Sept. 849°5 ” 578 ” 
Average temperature . Mar.-Sept igh De 542° F. 
June—Sept. 62°0° F. 59°4° F. 
Natural flow of river . Jan.—Mar. 130, 180 Xx 10° gal. 202, 261 X 10° gal. 
(total) Mar.—Sept. Teh Ie ee Bb, 802) 100" 4 
June—Sept. Ao Ole 1 Ooms 172,25 0.< 10cm 


Monthly averages. 
Ammoniacal nitrogen Mar.—Sept. 0°054 parts per million 0-067 parts per million 


June-Sept. 0:036 . by 0°050 a i 

Albuminoid nitrogen . Mar.Sept. 0-164 _ . 0-156 " és 
June-Sept. 0186 a 53 0158 3 * 

Oxidized nitrogen . Mar.Sept. 2:1 zs 5 BR ¢ = 
June-Sept. 1:7 35 i POT Aa i 

Oxygen absorbed from Mar.-Sept. 1°58 aft A 2°49 3 * 
KMnO, June-Sept. 1°74 . ;, 2°80 . * 


The significant differences are: 

(a) Practically the whole of the flood rainfall of 1929 fell during the last 
three months, whereas in 1931 it was more or less evenly distributed. From 
March to September of 1929 there was no flood rain; on the other hand, in 
1931 half the flood rain of the year fell during the corresponding period. 

(b) From March to September 1929 there was over 40 per cent. more bright 
sunshine. 

(c) The average temperature from June to September 1929 was 3° F. higher. 

(d) The amount of water flowing over Teddington Weir from March to 
September 1931 was three times as great as during the corresponding period 
of 1929, while from June to September the amount was four times as great. 
During the first three months of 1929 the current was unusually slow. 

(e) The average amount of ammoniacal nitrogen was from 25 to 40 per cent. 
greater in 1931, while that of albuminoid nitrogen was 18 per cent. greater 
during the summer of 1929. During the summer of 1931 there was approxi- 
mately 25 per cent. more nitrate present. 

(f) The amount of oxygen absorbed from acidified potassium permanganate 
solution was 60 per cent. greater during 1931. This, together with the higher 
ammonia content, indicates the presence of a greater amount of organic 
matter, which is to be expected in view of the excessive flood rainfall. 

A comparison of the phytoplankton during the two years shows that: 

(a) The amount at the spring maximum in 1929 was 50 per cent. more than 
that in 1931. In 1931 the current at this time was twice as fast as during the 
corresponding period of 1929. 

(b) Algae other than diatoms were poorly represented during 1931. ‘The 
greater abundance of Chlorophyceae and of Dinobryon {rom May onwards in 

966.7 (ene) 
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1929 may possibly be related to the prolonged sunshine and (or) the slower 
current. 

(c) The high flood rainfall of August 1931 was accompanied by a paucity of 
plankton organisms during that and the succeeding month. There was, how- 
ever, a very marked increase in the amount of diatom-plankton during 
October, with a complete absence of flood rain. On the other hand, in 
October 1929 the plankton exhibited a marked decrease in relation to the 
heavy flood rains which continued until the following January. 

(d) There were many differences in detail. Thus Melosira varians was 
abundant throughout the spring and summer of 1931, but was poorly repre- 
sented in 1929. Stephanodiscus Hantzschit, Dinobryon divergens, and F; ragilaria 
capucina were all prominent during the summer of 1929, but rare or absent in 
1931. Asterionella gracillima, abundant in the spring of 1929, was prominent 
only during October of 1931. S'ynura uvella, exceedingly common in March 
1929, was only sparsely represented in 1931. 

(e) Although there was a general paucity of Chlorophyceae during 1931 
Closterium moniliferum was well represented in July. The two most common 
green algae in 1929 were Pediastrum duplex and Pandorina morum. 

(f) The prominence of frustules of Cocconeis placentula during the summer 
of 1931 was undoubtedly due to the scouring action of the stronger current. 

From the data available it would appear that sunshine and flood rainfall— 
with its consequent effect on the velocity of the stream—are responsible for 
many of the marked differences in the composition and amount of plankton, 
which are apparent from year to year. 


SUMMARY 


The phytoplankton of the Thames, like that of other rivers, consists largely 
of diatoms, and exhibits a well marked seasonal sequence. In January 
Asterionella gracillima is the commonest species, while Synura uvella becomes 
prominent in February. The maximum plankton content is realized in March, 
the dominant species being Nitzschia linearis, Surirella ovata, Synedra ulna, 
and Navicula viridula, while Asterionella, Synura, and Melosira varians are 
often well represented. In April Nitzschia, Melosira, and Navicula remain 
plentiful, but Synedra, Surirella, and Synura decrease in amount, while 
Diatoma vulgare becomes common. In May Melosira varians is the dominant 
species, while Nitzschia linearis, and Navicula viridula have decreased in 
number. Asterionella may still be prominent. Green algae appear at this 
time, especially at Shepperton, to become more prominent in June. In the 
latter month Stephanodiscus Hantzschii is often the most plentiful species, 
and continues to be common in July; at Shepperton Melosira varians is some- 
times equally abundant. 

The most marked difference in the composition of the plankton at Kew and 
Shepperton is observed in August and the following months. This is probably 
due to the more marked effect of pollution or to a greater influx of salt water 
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at Kew, owing to the scarcity of flood water. At Shepperton in August 
Melosira varians, Navicula cryptocephala, N. viridula, and Synedra ulna all 
occur in moderate numbers, while at Kew the commonest species are Thalas- 
stostra decipiens, Melosira granulata, and Cyclotella Meneghiniana. In Sep- 
tember Melosira varians, Navicula cryptocephala, and Gyrosigma attenuatum 
are common at Shepperton, while at Kew the most prominent species are 
M. granulata and T. decipens. Green algae are now becoming rare. In 
October Melosira varians is plentiful at Shepperton, while at Kew T. decipiens 
is still common and M. granulata and Asterionella frequent. In November 
the difference between the plankton at Kew and Shepperton disappears. 
M. varians is still common, with Gyrosigma attenuatum well in evidence. 

A definite relation between the amount of plankton and a falling water 
level is evident, the amount being greatest some time after the strength of the 
current has begun to decrease in the early months of the year. The vernal 
diatom maximum is always associated with a high percentage of nitrate. 
A consideration of the plankton in relation to the environmental factors 
during 1929 and 1931—the former with an unusually dry and hot spring 
and summer; the latter with a rather wet spring and summer—indicates that 
sunshine and flood rainfall (with its consequent effect upon the velocity of the 
river) are responsible for marked differences in the composition and amount 
of plankton. 
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Studies in the Phytoplankton of the River Thames, 
(1928-1932). II 


BY 


C. H. RICE 
With three Figures in the Text 

III. ‘THe PHYTOPLANKTON OF THE MAIN RIVvER (continued from Part I) 
(d) Diatom periodicity. 

(i) The periods at which maxima occur. West (1912), speaking of the English 
Lakes, states that ‘although many of the plankton species of diatoms occur in 
greatest quantity in spring, some of them attain their maximum in the summer 
and autumn and several of them have a double maximum one in spring and 
the other in autumn’. This is equally true of the Thames, as the following 
list shows: 

(1) Diatoms with spring maximum only. 


Diatoma vulgare Nitzschia acicularis 
Nitzschia linearis Surirella ovata 
55 recta on angustata 
vermicularis 


(2) Diatoms with summer maximum only. 
Cyclotella Meneghiniana (Kew) Fragilaria capucina 


Stephanodiscus Hantzschi sa crotonensis (Kew) 
(3) Diatoms with autumn maximum only. 

Melosira granulata (Kew) Gyrosigma attenuatum 

Thalassiosira decipiens (Kew) Nitzschia sigma 

Stauronets acuta 55 sigmoidea 


Navicula cryptocephala 
(4) Diatoms with a double maximum, the Spring Maximum being in most cases 
more pronounced than the other, the time of which is indicated in brackets. 
Synedra ulna (late summer or autumn) 
Melosira varians (autumn) 
Navicula viridula (autumn) 
Asterionella gracillima [rather irregular periodicity, usually with maxi- 
mum in spring and sometimes a second in the autumn (October)]' 
All the above diatoms, with the exception of Stephanodiscus Hantzschi, 
Stauronets acuta, and Nitzschia acicularis, are always present. 
" Cocconeis placentula is usually abundant in winter but is not a true planktonic form (Part 


I, p. 548). 
[Annals of Botany, N.S. Vol. II, No. 7, July 1938.] 
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(il) The periodicity of certain species. 

1. Melostra vartans (Fig. 1), which regularly exhibits a double maximum, 
has a periodicity corresponding closely with that recorded for the Illinois 
(Kofoid, 1903, 1908). It is least abundant when the strength of the current 
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Fic. 1. ——— Melosira varians at Shepperton. ==---- Melosira varians at Kew. 
eae Melosira granulata at Kew. 


is greatest, as is especially well shown at Shepperton during the period 1930- 
2; in 1929, with a low flood rainfall (from January to September), the abnor- 
mally long drought may have been the cause of its scarcity. This species 
appears to be very hardy, for numbers of healthy colonies were observed in 
February 1929, when conditions were unusually severe and the surface of the 
river was frozen over in many places. 

2. Melosira granulata (Fig. 1), never important at Shepperton, is always 
prominent during August or September at Kew. Pearsall (1932) found that 
the occurrence of this species is definitely correlated with water rich in organic 
matter. Its prominence at Kew may therefore be related to the larger amount 
of organic matter present. 

This species is the most important diatom in the summer plankton of the 
Illinois at a time when nitrates are at a minimum, and Kofoid assumes that 
these are utilized by the diatom in question. It was, however, abundant at 
Kew in September 1929, when the oxidized nitrogen content was abnormally 
high, and again in August and September 1930, when the nitrate content was 
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ata maximum. This suggests that the amount of this diatom in the Thames 
is insufficient appreciably to deplete the nitrate content. 

3- Thalassiosira decipiens, the only really common marine diatom found at 
Kew and Rotherhithe, has a maximum at Kew in late summer and autumn, 
whilst at Rotherhithe it also exhibits a spring maximum. According to Lebour 
(1930), the maximum occurs in early spring in British seas, but at Kew this 
spring maximum is doubtless obscured by the greater volume of water flowing 
down the river at this time of the year. At the time of the Kew maximum 
the amount of water flowing down the river is at or near its least value and 
the tidal effect is presumably greatest. The most pronounced maximum was 
realized at Kew between August and October 1929, after a period of prolonged 
sunshine and a complete absence of flood rainfall during the summer, so that 
the tidal effect would no doubt be very marked. 

4. Cyclotella Meneghiniana, never prominent at Shepperton, was usually 
rather common at Kew during one of the summer months, being most abun- 
dant in 1928. The maxima occur at times of little or no flood rainfall. July 
1928 was the sunniest month with the highest mean temperature during the 
whole period under consideration, and one or both of these factors may have 
been responsible for the abundance of Cyclotella. The greater frequency of 
this species at Kew may be associated with the greater amount of organic 
material present. 

During August 1928 it was found commonly at Oxford and near Dor- 
chester and also abundantly in the weed-choked North Hinksey stream enter- 
ing the river at Oxford, in which the floating masses of Cladophora were 
densely covered with a brown scum consisting almost exclusively of this 
diatom. The frequency of the latter at Oxford can therefore be related to its 
abundance in the North Hinksey stream. Material was not collected from 
Shepperton before September 1928, but samples gathered at Staines in 
August of that year contained only a few individuals of Cyclotella. It 
would appear, therefore, that the abundance of this diatom at Kew was 
due to contributions from some other source between Staines and Kew. The 
reasons for the marked reduction in numbers between Oxford and Staines 
are obscure. 

5. Stephanodiscus Hantzschit is almost always present, but does not usually 
attain a maximum until the summer. The highest maxima occurred at Shep- 
perton in 1929 and 1932 and at Kew in 1928 and 1929, all of them years with 
little flood rainfall during the summer; both 1928 and 1929 had a high sun- 
shine record, but that of 1932 was not as high as that of 1930, when Stephano- 
discus was poorly represented at Shepperton, although somewhat more 
plentiful at Kew. 

6. Diatoma vulgare was abundant only in March 1931. Its periods of fre- 
quency correspond with little or no flood rainfall and to a relatively high 
oxidized nitrogen content. This species was a very common constituent of 
the brown scum on the slipway at Shepperton Lock boat-house in the spring 
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of 1929 and on the stones of the river-bed in the spring of 1932. At these 
times, however, it was not well represented in the plankton. 

7. Fragilaria capucina, though never abundant, was common at Shepperton 
in June 1929 and August 1930. It was not so common at Kew, where a 
maximum was attained in June of the years 1928-30; it is noticeable that the 
summers of these years had a higher sunshine record than in 1931 and 1932. 

8. Fragilaria crotonensis, which is almost always present, is never common 
at Shepperton, but usually exhibits a maximum during July or August at Kew. 
The reasons for its abundance here in the summer of 1930 are not evident. 

g. Asterionella gracillima (Fig. 2) has an irregular periodicity. Maxima 
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Fic. 2. Asterionella gracillima. 


Shepperton. - - - - - - Kew. 


occur during the colder months (October to May), usually during compara- 
tively dry periods, though this was not the case either in the autumn of 1928 
or in May 1932. Scarcity of this species at Shepperton is often associated with 
a low nitrate content, but since this is not always the case (e.g. not in 1932), 
some other factor must also be concerned. Asterionella generally shows a 
period of maximum abundance in spring, usually (but not in 1932) when 
the current is slackening. In 1928 and 1931 it was also common in late 
autumn (October and November). It is noteworthy that the autumn maxi- 
mum of 1928 and the spring maximum of 1929 at Shepperton each occurred 
a month later than at Kew. Furthermore, although Asterionella was common 
at Kew in March 1931, it was poorly represented in the plankton at Shepper- 
ton. No explanation of these differences can be advanced. 
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In the Illinois River, according to Kofoid, A. gracillima exhibits a well- 
marked vernal phase, which is associated with declining floods and a tem- 
perature of 60° F. The maxima in the Thames, however, invariably occur 
at temperatures below 55° F. (in February 1930 below 4o° F.). In fact, apart 
from scarcity of Asterionella in summer, its periodicity bears no relation to 
temperature whatever [cf. Pearsall (1923)]. 

10. Synedra ulna (Fig. 3) is usually at its maximum in March, and there is 
often a less-marked maximum in June or July, though in 1931 it occurred as 
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Fic. 3. Synedra ulna. 


late as October. Although the spring maximum corresponds with a high 
oxidized nitrogen content, that of the summer occurs at a time when the 
latter is low, so that this factor is obviously never a limiting one. The periods 
of maximum abundance usually coincide with little or no flood rainfall, but 
an exception is constituted by April 1931. 

Howland (1931) found that the maxima of S. u/na occurred when the tem- 
perature was low and the salt concentration of the water high. Although this 
is true of the spring maximum in the Thames, it certainly does not apply to 
the smaller summer maxima. 

At Shepperton in May 1929 and March 1932 and at Kew in September 
1928 Synedra was found in quantity attached to stones of the river-bed, but 
only in March 1932 was it simultaneously common in the plankton. 

11. Gyrosigma attenuatum attains a maximum at Shepperton in September 
and is much commoner here than at Kew, where the maximum is always later. 
It is poorly represented in spring. Its greater scarcity at Kew is no doubt due 
to the special conditions obtaining there (cf. p. 579), but it 1s impossible to 
determine the decisive factors. At Shepperton it was really common only in 
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1928 and 1930, when the amount of organic matter in the water was compara- 
tively small (Part I, Fig. 2), and this may be one of the factors influencing 
its occurrence. 

12. Navicula viridula is very prominent in March and April (at Shepperton 
in 1930 in May), but in 1931 and 1932 there was also a maximum in late 
summer, less pronounced than the vernal one in 1931, but of equal magnitude 
to it in 1932. As in the case of other common spring diatoms, the vernal 
maximum roughly corresponds with the maximum content in oxidized nitro- 
gen. ‘The reasons for the occasional occurrence of a second maximum are not 
clear. 

Large growths of N. viridula are especially prominent between March and 
May, but not at other times of the year, on the sandy bottom in the shallow 
water on the Middlesex side of the river, about + mile below Shepperton 
Lock. ‘Though equally prominent in the spring plankton at Kew, it was not 
observed in any quantity on the mud or stones exposed at low tide in this 
part of the river. 

Butcher (1932) records this species as a very prominent member both of the 
free-floating and of the attached microflora of the Tees and suggests that the 
river-bed is its normal breeding-place. In the Thames, however, the source of 
supply does not appear to be restricted to the river-bed (see pp. 572 and 575). 

13. Navicula cryptocephala is at its maximum in late summer or autumn 
and at a minimum in spring. Never really common at Kew, it was moderately 
plentiful in September and October 1928 and August 1930. Its scarcity at 
Kew in the autumn of 1929 coincides with a low percentage of dissolved air 
and an increased salinity, both conditioned by lack of flood rainfall. It was 
abundant at Chertsey and Weybridge in August 1930 and in the North Hink- 
sey branch of the Isis at Oxford in August 1929. At Shepperton, too, it was 
common only in 1929 and 1930, which had higher sunshine records than 1931 
and 1932. In fact, this species appears to become prominent only after a 
period of prolonged sunshine. 7 

These conclusions do not agree with those of Howland, who found both a 
spring and autumn maximum at times of high salt concentration. Butcher 
reports that N. cryptocephala in the lower reaches of the Tees shows a 
maximum only in August. It would thus seem that there is some factor 
inhibiting the development of this diatom in rivers in spring; perhaps its 
scarcity, then, is partly a result of competition. 

14. Nitzschia linearis is always very common in March or April, while in 
1929 there was an unexplained minor maximum in October. As in other 
cases, the spring maximum corresponds with a maximum content in oxidized 
nitrogen, while periods of scarcity are usually associated with low nitrate 
values.* 

15. Nitzschia sigma occurs only in the tidal reaches of the river, where it is 
found all the year round. Carter (1933) records it from the mud-flats at 
Canvey Island in the Thames estuary. It is common at Rotherhithe and, 
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though never common at Kew, it is usually more abundant there during sum- 
mer or early autumn, which is possibly due to the more marked tidal effect. 

16. Nitzschia acicularis occurs in the plankton only in spring and early 
summer with pronounced maxima at Kew in April 1928 and May 1929; at 
Shepperton it was common only in May 1929. Butcher records N. acicularis 
as an important member of the attached microflora of the Tees and other 
rivers, with a pronounced maximum in May. If the river-bed is the normal 
breeding-ground of this species one would expect some relation between the 
amount of it in the plankton and the strength of the current. At the time of 
the maxima in the Thames there was an almost complete absence of flood 
rainfall, although in 1928 the current was much faster and in 1929 consider- 
ably slower than in other years. 

17. Nitzschia vermicularis is frequent only at the time of the spring 
maximum. 

18. Nitzschia sigmoidea, although always present, is never common. At 
Shepperton it is usually most plentiful in late autumn or early winter, but in 
1930 and 1931 there was also a spring maximum. This diatom generally 
becomes commoner after heavy flood rainfall, and its greater abundance in 
the spring of 1930 and 1931 was no doubt related to the high rainfall during 
the preceding winters. 

19. Surirella ovata always shows a maximum in spring, usually in March 
when there is a high nitrate content; after that it decreases very rapidly in 
amount. ‘The most marked maximum in March 1929 coincided with a higher 
sunshine record than usual. 

S. ovata is recorded by Butcher as a prominent member of the microflora 
of the bed of the Tees. This species was always commonly found in the scum 
on piles, slipways, stones, &c., in spring, although subsequently decreasing in 
amount, so that its periodicity as an attached form is similar to that in the 
plankton. 


(e) Periodicity of the Chlorophyceae. 

All the common species of Chlorophyceae are essentially summer forms, 
which in part persist until the autumn. The data given below indicate that 
for many of them prolonged sunshine leads to maximum abundance. 

1. Pandorina morum occurred commonly only in August of 1928 (at Staines 
and near Dorchester) and 1929 (at Shepperton, at Oxford, and near Dor- 
chester), the previous month in each case having a high sunshine record (250 
hours) and scanty rainfall. On the other hand, it was completely absent in 
1931 and rare in 1930 and 1932 with little sunshine in July. When frequent 
numerous reproducing colonies were always observed. 

This is not in agreement with Fritsch and Rich (1913), who concluded that 
abundant sunshine was detrimental to the development of this species, while 
Howland found it to be abundant during a period of abnormally high rainfall. 
Hodgetts (1921 and 1922) concludes that the periodicity of P. morum is not 
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related either to temperature or sunshine but that in ponds competition may 
determine its frequency. These conflicting conclusions suggest that the deter- 
mining factor has yet to be discovered. 

2. Eudorina elegans appeared every spring and persisted through the sum- 
mer, but was never common, though reproducing colonies were often 
observed. 

3. Pediastrum duplex is generally most prominent from June to August 
after periods of prolonged sunshine, the maximum occurring in July or 
August. It was abundant in August of 1928 at Abingdon and Oxford and 
near Dorchester after previous prolonged sunshine, while at Shepperton in 
1931, with a low sunshine record, it appeared only in small quantities for a 
very short time. Its poor representation in 1930 is, however, not accountable 
on this basis. P. Boryanum, although a regular constituent of the summer 
plankton, is never as common as P. duplex. It occurred most abundantly at 
Shepperton during August of 1932, which was unusually hot. 

4. Scenedesmus quadricauda is usually present from spring to autumn, 
although in 1931 and 1932 it was rare and only found from May to July and 
June to September, respectively. These two years were less sunny than the 
others. .S. obliquus was never more than rare. 

5. Closterium moniliferum is a regular member of the summer plankton 
at Shepperton, but is rare at Kew. The maximum usually occurs in August, 
but in 1931 it was realized in July with a second maximum in October. 

Periods of maximum abundance of this species correspond with adequate 
sunshine and a moderate amount of flood rainfall which possibly carries it 
down from breeding-grounds in the upper reaches of the river. 

C. Ehrenbergi is invariably present during spring and summer but was 
common only in the spring of 1928 at Kew. Butcher records this species as 
a member of the bottom flora of the Tees, so that the faster current in the 
spring of 1928 may have detached individuals from the bed of some shallow 
nearby tributary. 

C’. acerosum, though usually found during spring and summer, is seldom 
common. 


(f) Periodicity of the Chrysophyceae. 

1. Synura uvella, a common member of the plankton, is usually absent 
from June to August. This is in agreement with the known preference of 
most Chrysophyceae for colder waters; Kofoid too found S. uvella to be the 
most important winter planktont of the Illinois. Its maximum is usually in 
March, although it is well in evidence during February; it was abundant in 
March 1929 after the coldest winter of the period under consideration and 
was also common in the spring of 1932 after a cold February. In autumn 
there is a much smaller secondary maximum. This species was, however, 


absent during the winters 1930-1 and 1931-2, so that other factors are evi- 
dently also involved. 
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2. Dinobryon divergens was really prominent only during the summer of 
1929, with a complete absence of flood rainfall and a high sunshine record. 
Owing to lack of flood rainfall the oxidized nitrogen content at Shepperton 
fell to its lowest value during this summer, while the albuminoid nitrogen 
was higher than in all the other summers except 1931. Abundant representa- 
tion of this species appears, therefore, to depend on the presence of a certain 
percentage of organic matter in conjunction with abundant sunshine. 

Pearsall (1932) states that D. divergens is favoured by a high nitrate/phos- 
phate ratio. His data do not exhibit any relation between the occurrence of 
this species in lakes and the amount of organic matter present. 


(g) Summary of the factors apparently affecting the periodicity of the more 
important members of the Thames plankton. 


The suggestions put forward below are tentative and by no means con- 

clusive. 

1. Temperature. 

(2) Organisms favoured by low temperature: Synura uvella. 

(6) Organisms favoured by a high temperature: Pediastrum duplex, P. 
Boryanum, Cyclotella Meneghiniana. 

(c) Organisms adversely affected by high temperature: (Asterionella 
gracillima ?) 

2. Sunshine.—Organisms favourably affected by sunshine: Pandorina 
morum, Pediastrum duplex, Scenedesmus quadricauda, Dinobryon diver- 
gens, Cyclotella Meneghiniana, Fragilaria capucina, Navicula crypto- 
cephala. 

3. Flood rainfall. 

(a) Organisms favoured by low flood rainfall: Pandorina morum, Cyclo- 
tella Meneghiniana, Stephanodiscus Hantzschii, Diatoma vulgare, Syne- 
dra ulna. 

(5) Organisms adversely affected by low rainfall : Closterium moniliferum, 
Melosira varians. 

(c) Organisms favoured by high rainfall: Nitzschia sigmoidea. 

4. Current. 

(a) Organisms occurring when the current is strong: Closterium Ehren- 
bergit, Cocconeis placentula. 

(b) Organisms adversely affected by a strong current: Melosira varians. 

5. Nitrates.—Organisms favoured by a high percentage of nitrate: Melosira 
granulata, Diatoma vulgare, Synedra ulna, Navicula viridula, Nitzschia 
linearis, Surirella ovata. 

6. Organic matter. 

(a) Organisms favourably affected: Melosira granulata, Dinobryon diver- 

ens. 

oy Organisms adversely affected: Amphora ovalis, Gyrosigma attenuatum 
(or low percentage of aeration). 
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IV. THe PLANKTON OF TRIBUTARY STREAMS AND BACKWATERS 


During August of 1929 collections were made over a period of a week from 
various parts of the river (viz. Kew, Shepperton, Windsor, Bourne End, 
Reading, Dorchester, Oxford, Lechlade), in order to determine whether there 
was any appreciable variation in the plankton in the different reaches at this 
time of the year. Examination of the material (Table I) showed that, although 


TaBLe I 
The Phytoplankton of the Thames, August 1929 


oth 8th oth 5th 13th 1rath 14th 
g & , 
15, te aa fev) a7) 3 
Dialed Me Clee be Re ies: 
Sd wae Comctieta’ oon 
Chek ne OO ere 
Pandorina morum F U F F (Ee Cc U 
Scenedesmus quadricauda F R R Ss R R U 
Dinobryon divergens U U Ss F U Ss — 
Melosira varians . ; F Cc (C R ‘Cc F R 
Cyclotella Meneghiniana R R U U R U Cc 
Stephanodiscus Hantzschii U Ss NS) NS) R F — 
Fragilaria capucina C Cc F U Cc Cc R 
Synedra ulna U U U U U F U 
»» acus : ? U U F U U R R 
Navicula cryptocephala . U U Cc U U F F 
»  vtridula. : F iS) NS) Ss Ss Ss R 
PL TACTIS es U U U S F U F 
a radiosa . Ss — Ss P Ss iS) Ss 
Amphora ovalis U U F R F Ss F 
Nitzschia linearis . U F U R U R F 
* recta NS) S S R R R F 


the general character of the plankton was approximately the same from Shep- 
perton to Lechlade," yet certain species common to one reach were rare or 
absent in others. The following instances may be given. 

The most striking example of such local differences was found at Reading 
above the entry of the Kennet; here Navicula radiosa occurred in large 
quantity although it was very rare in other stretches. Similarly at Lechlade 
Nitzschia recta and C’yclotella Meneghiniana (cf. also p. 561) and at Shepperton 
Navicula viridula and Scenedesmus quadricauda were considerably commoner 
than elsewhere.* Other species that showed considerable variation in relative 
abundance at different points at which collections were made were Pandorina 
morum, Dinobryon divergens, Melosira varians, Stephanodiscus Hantzschii, 
F aN capucina, Navicula cryptocephala, Nitzschia linearis, and Amphora 
ovalis. 


' The plankton at Kew has been omitted from this comparison owing to the obvious tidal 
effect obtaining there. 

et is also worthy of note that floating masses of Oscillatoria limosa were plentiful at 
Bourne End, Reading, and Oxford, while Enteromorpha intestinalis was common at Lechlade 
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The commonest species at each point were as follows: 

Shepperton: Pandorina morum, Scenedesmus quadricauda, Melosira varians, 
Fragilarta capucina, and Navicula viridula. 

Windsor: Melosira varians, Fragilaria capucina, and Nitzschia linearis. 

Bourne End: Pandorina morum, Melosira varians, Fragilaria capucina, 
Synedra acus, Navicula cryptocephala, and Amphora ovalis. 

Reading: Pandorina morum, Dinobryon divergens, and Navicula radiosa. 

Near Dorchester: Pandorina morum, Melosira varians, Fragilaria capucina, 
Navicula gracilis, Amphora ovalis, and Cymbella affinis. 

Oxford: Pandorina morum, Melosira varians, Stephanodiscus Hantzschit, 
Fragilaria capucina, Synedra ulna, Navicula cryptocephala, and Nitzschia 
communis. 

Lechlade: Cyclotella Meneghiniana, Navicula cryptocephala, N. gracilis, 
Amphora ovalis, Nitzschia linearis, and N. recta. 

It is quite clear, therefore, that, in the summer months at least, the composi- 
tion of the plankton is by no means uniform, but shows local variations that 
can only be due either to local factors or to a local supply of material from 
tributary streams or backwaters. In August 1930, consequently, an endeavour 
was made to establish more fully the sources from which the summer plankton 
of the main river is recruited. With this object in view samples were collected 
from diverse backwaters (Eton, Chertsey, Weybridge, Shepperton, and Wal- 
ton) and tributary streams (Colne, Abbey River, and Wey) as well as from 
adjacent parts of the Thames. 


(a) Consideration of individual tributaries and backwaters. 


(i) Athens backwater at Eton (Table III). The bed of this backwater, 
which is rather shaded, was at that time overgrown with Angiospermous 
aquatics. The composition of its plankton did not differ appreciably from 
that of the main river, although some of the commoner diatoms (e.g. Melosira 
vartans, Fragilaria capucina, Synedra ulna, S. acus, Navicula cryptocephala, 
Gyrosigma attentuatum) were rather more abundant. On the other hand, 
Fragilaria pinnata, which was common in the backwater, was rare in the river 
itself. This species is likewise often abundant in Shepperton backwater, 
though seldom common in the main river. There were no obvious differences 
in the composition of the plankton of the main river above and below the 
backwater. 

(ii) The River Colne (‘Table II) at Staines, near its entry into the Thames, 
is very shallow, but at the time of examination the current was swifter than 
that of the main river. Probably in relation to this the plankton was quantita- 
tively poorer than that of the Thames, although certain species, chiefly 
epiphytes (e.g. Diatoma vulgare, Synedra ulna, Navicula cryptocephala var. 
intermedia, Rhoicosphenia curvata, Cymbella ventricosa, and Nitzschia amphibia), 
were commoner. Certain minor differences in the composition of the plankton 
collected from the Thames above and below the point of inflow of this 
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tributary were almost entirely due to epiphytic species (e.g. Cocconeis placen- 


tula, Cymbella prostrata, Nitzschia amphibia, N. acicularis, N. dissipata, and 
Cyclotella Meneghiniana). 


TABLE III 
The Phytoplankton of Backwaters 
Athens ‘Sale’ 
B-w. Shepperton B-w. 


Eton Chertsey Walton Abingdon 
8/8/1930 16/8/1930 9/8/1930 17/9/1932 18/8/1930 2/8/1928 
RRR RES S 


Eudorina elegans ‘ : — I FS SSI 
Pediastrum Boryanum ‘ UUU URF USU USU UUU RRU 
5 duplex . , ISI RIR USR USR RRU APA 
Closterium moniliferum , FRF FRF CSC FRF FUU SSU 
Merismopedia glauca . ; — S = — US as 
Synura uvella . 5 : — — UI RFR S — 
Melostra varians : 5 PAP PRP PSP PUC PFP FUU 
Fragilaria capucina . : CPE CRC FUF RUR CPP PCC 
»  pinnata 4 : UCU ss RAC RAC RCR — 
Asterionella gracillima ; — CUC SS Sol CFC — 
Synedra ulna -. 3 5 UFU FFF FFF FRU RUU RRR 
Scacus® = i : RUR SSR UUR SUR RFR SSS 
Gyrosigma attenuatum - UFU CUC CRF FRC CSC SSS 
Navicula cryptocephala ; FCF CUC FSU FSU CFC SCF 
” ” var. 
intermedia RRU URF SS FRR USU RR 
Amphora ovalis . : F FUF FRU UFF URR FFU SSR 
Nitzschia linearis i : URS RUS UCF FPF RRU SRS 
re recta . : ; RSR FUR URR USU URR RRR 
- sigmoidea . : UUU RFU UCF FFF SRS SSS 
Pe acicularis . 3 — CR _ — — ~: 


Note:—First and last symbols in each column indicate frequency in Thames above and 
below backwater, respectively; that in italics of the backwater. 


(ui) The sluggish Abbey River near Chertsey (Table II) enters the Thames 
by means of a side-arm, into which part of the water of the main river is 
diverted over a weir. The Abbey River was both qualitatively and quantita- 
tively richer in plankton than the adjacent part of the Thames. Microcystis 
aeruginosa, Synedra affinis, and Nitzschia amphibia were all common, although 
rare in the Thames below the point of inflow, while none of these species 
were present in the main stream above the entry of the Abbey River. It is 
clear that the three species mentioned above, which are rare in the main river, 
are supplied from this tributary stream. 

(iv) The backwater at Chertsey (‘Table III), which enters the Thames just 
below the side-arm mentioned above, is very shallow and much shaded. 
Generally speaking, it had a poor plankton with Nitzschia acicularis as the 
most prominent species; this was absent from the Thames above Chertsey 
but occurred rarely in the plankton of the main river below the backwater. 
Green algae and most of the common diatoms (e.g. Melosira varians, Fragi- 
laria capucina, Asterionella gracillima, Gyrosigma attenuatum, Navicula gracilis, 
N. cryptocephala, Amphora ovalis) were rare in the plankton of the backwater. 
Nitzschia sigmoidea was rather common though rare in the main river. 

(v) The backwater at Weybridge (Yable II) is formed by a loop into which 
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the river flows over a weir. The two branches of the Wey enter the lower 
end of this backwater on the south side just before it joins the main stream, 
while the Bourne, which is smaller and very shallow, enters the middle of the 
loop. Collections, made in the backwater above and below the entry of the 
Bourne, showed a phytoplankton in general similar to that of the Thames 
above the backwater, although below the point of entry of the Bourne 
Asterionella gracillima, Cocconets placentula, Navicula cryptocephala, Nitzschia 
recta, and N. sigmoidea were commoner than above. 

(vi) The plankton of the above-mentioned lower branch of the River Wey 
was poorer than that of either the backwater or the main river, many of the 
common diatoms (e.g. Fragilaria capucina, Gyrosigma attenuatum, Navicula 
cryptocephala, Amphora ovalis) being sparsely represented. On the other 
hand, Microcystis aeruginosa, Navicula viridula, and Nitzschia linearis were 
more abundant than in the main river; the first of these was slightly more 
common, while N. viridula was much more plentiful in the Thames below 
Shepperton Lock than in the backwater or in the Thames above that point 
(Table IT). 

It has already been pointed out (p. 564) that Navicula viridula is found in 
considerable quantity on the sandy bottom in shallow water below Shepperton 
Lock during the spring but not, as a rule, during summer. The relative 
abundance of this species.in the Thames, below the entry of the Wey, in 
August is therefore probably due to contributions from the tributary. 

Pediastrum Boryanum, Fragilaria pinnata, Synedra ulna, Gyrosigma attenua- 
tum, Nitzscha recta, N. sigmoidea, Cymatopleura solea, C. elliptica, and Suri- 
rella robusta var. splendida were all commoner in the Thames, below the points 
of inflow of the Wey and of the backwater, than in the main stream above 
the weir at the head of the backwater. The greater frequency of N. sigmoidea 
and N. recta at this point may be due to contributions from the Bourne, 
while S. robusta var. splendida is no doubt contributed by the Wey. 

(vii) Shepperton Backwater (Table III) is a long, shallow arm in part 
considerably overgrown with macrophytes and shaded by trees and shrubs. 
The plankton contained few green algae, and although the majority of the 
usual diatoms were present several species which were relatively common in 
the river (e.g. Melosira varians, Gyrosigma attenuatum, Navicula cryptocephala, 
and N. viridula) were sparsely represented. On the other hand, Fragilaria 
pinnata was abundant in the backwater and moderately so in the river below 
it, although rare above. Cymbella Ehrenbérgit and Synura uvella, both rather 
common in the backwater, were practically unrepresented in the Thames. 
Nitzschia linearis, N. sigmoidea, and Amphora ovalis were commoner than in 
the main river and somewhat more plentiful below than above the backwater. 

A further examination of this backwater was made two years later, in Sep- 
tember, with somewhat similar results. Fragilaria pinnata was again com- 
moner below the entry of the backwater. Synura uvella, Nitzschia linearis, 
Synedra ulna var. biceps, and Cymbella Ehrenbergii were all more frequent in 
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the backwater, the last being absent from the main river above the point of 
junction. On the other hand, the following diatoms, which were well repre- 
sented in the plankton of the Thames, were poorly represented in the back- 
water: Melosira varians, Stephanodiscus Hantzschii, Synedra ulna, Cocconeis 
placentula, Gyrosigma attenuatum, and Navicula cryptocephala. 

The amount of Synura present in this backwater, both in 1930 and 1932, 
was much greater than that encountered elsewhere at this time of the year, 
which may indicate that conditions were here more favourable for the de- 
velopment of this species than in the river itself. It is evident, too, that 
Shepperton backwater is a source of supply of Fragilaria pinnata to the main 
river, although it is by no means the only one, since this diatom was regularly 
found in the river above Shepperton and is also plentiful in the Athens 
backwater (p. 569). This species appears to thrive in the more sheltered 
backwaters. 

(viii) The ‘Sale’ at Walton (Table III) is a broad backwater connected 
with the Thames just below Walton Bridge. There is scarcely any shading 
by trees or shrubs but the bed is somewhat overgrown with macrophytes. 
This was the only part of the river in which animals (Rotifers and Crusta- 
ceans) were at all common during the summer of 1930. 

The plankton was both qualitatively and quantitatively richer than that of 
the Thames, and exhibited greater diversity than that of any other backwater 
or tributary examined, with the possible exception of Shepperton backwater. 
Green algae were as well represented as in the Thames itself, but Eudorina 
elegans was only found in the latter below the point of inflow of the ‘Sale’. 
Merismopedia glauca, though considerably rarer, showed a similar distribu- 
tion. 

Of the diatoms Cocconets placentula, Synedra acus, Navicula radiosa, Cym- 
bella helvetica, Gomphonema constrictum, and G. acuminatum were all better 
represented in the ‘Sale’ than in the Thames. With the exception of S. acus 
and possibly N. radiosa, these are all undoubted epiphytes. On the other hand, 
Melosira varians, Diatoma vulgare, Gyrosigma attenuatum, and Navicula 
viridula were better represented in the main river than in the backwater. 

Apart from the series of investigations just dealt with, a number of samples 
were also collected at various times from tributary streams and backwaters 
connected with other stretches of the river, with a view to ascertaining the 
possible effect of their plankton upon the composition of that of the main 
stream. Thus in August 1928 several tributary streams near Oxford were 
examined, viz. the Cherwell, the Ock, the North Hinksey branch of the Isis, 
and the Thame. 

(ix) The bed of the Cherwell (Table II) was overgrown with a luxurious 
macrophytic vegetation such as had previously covered the bed of the adjacent 
Thames, and above the entrance of the Cherwell this growth was still in process 
of being cut. Green algae were practically absent from the Cherwell, but the 
diatom flora was similar to that of the Thames, except that Diatoma elongatum 
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and Synedra acus, both rare in the Thames above the point of inflow of the 
Cherwell, were well represented in the plankton of the latter and more 
frequent in the main stream below this point. Melosira varians, too, was 
common in the Cherwell and in the main river below its point of entry but 
was less frequent above. 

(x) At Abingdon (‘Tables II and III) both the backwater and the River Ock 
were examined. The plankton of the backwater did not differ materially from 
that of the main river, except for the frequency of Navicula cryptocephala; 
this species, though very rare in the main river above the backwater, was 
rather common below it. 

The part of the Ock near its inflow into the Thames is much overshadowed 
by buildings and trees. Although the Thames at this time contained a number 
of species of green algae, Pediastrum was alone represented in the Ock. The 
diatom flora was similar, but Amphora ovalis, Nitzschia linearis, and N. 
sigmoidea were more abundant in the tributary. 

(xi) A fortnight later collections were made from the North Hinksey branch 
of the Isis (Table II), which after flowing through flat, open country enters 
the main stream about a quarter of a mile below Osney Lock. The bed was 
much overgrown with aquatic macrophytes intermingled with Cladophora, 
which was densely covered with an almost pure growth of Cyclotella Meneghin- 
tana (cf. p. 561). Despite the dense growth, the current was much faster than 
that of the Thames. The only difference in the plankton lay in the greater 
abundance of Pediastrum Boryanum, Scenedesmus quadricauda, Cyclotella 
Meneghiniana, and Achnanthes (? minuttissima). Of them only S. quadricauda 
and C. Meneghiniana showed a greater frequency in the Thames below the 
point of junction. 

An examination of the same stream at about the same time in the following 
year brought to light more numerous differences. Pandorina morum, Fragi- 
laria capucina, and Stephanodiscus Hantzschit, though relatively common in 
the Thames, were rare or absent in the North Hinksey branch, while Scenedes- 
mus quadricauda and S. obliquus were common in the latter but rare in the. 
Thames. A number of diatoms were more numerous in the tributary, viz. 
Cocconeis placentula, Navicula cryptocephala, N. gracilis, Cymbella cistula, 
C. affinis, Gomphonema constrictum, and Nitzschia communis. 'The last named 
was much more abundant in the Thames below than above the tributary, 
while Cymbella cistula, though absent above, occurred in small numbers below 
the junction. Furthermore, Cosmarium ornatum was equally frequent in the 
tributary and in the Thames below, although practically absent above. There 
is some evidence, therefore, that this stream at this time of the year supplies 
the Thames with certain green algae as well as with Cymbella cistula and 
Nitzschia communis. 

(xii) The Thame (Table I1) below Dorchester, examined in August of 1928 
and 1929, is shaded by willows, &c., and the bed bears a luxuriant growth 
of aquatics. 
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In August 1928 green algae were less numerous, while Melosira varians, 
Cocconeis placentula, Navicula gracilis, N. menisculus, Amphora ovalis, Nitzschia 
hungarica, and N. amphibia were all more abundant than in the Thames. The 
last-mentioned species was only found in the main river below the Thame, 
while Navicula gracilis, Melosira varians, and Amphora ovalis were commoner 
below the point of junction. 

In August 1929 green algae were equally well represented in the tributary 
and in the Thames, although Eudorina elegans, Scenedesmus quadricauda, and 
S. obliquus occurred in the latter only below the point of junction. Synura 
uvella was commoner in the Thame, Dinobryon divergens more abundant in 
the Thames, There was a similar disparity between the diatom flora of 
tributary and main river as in the previous year, though not as marked; only 
a few species (Navicula cryptocephala, Nitzschia linearis) were more plentiful 
in the main river below the tributary. 

In both years there is evidence that the Thame acts as a source of supply 
for certain species, but these differ in the two years. 

During April and May of 1929 samples were taken from the rivers Wey, 
Ember (a branch of the Mole), and Kennet. 

(xiii) The rather shallow Ember had a much poorer diatom flora, Stephano- 
discus Hantzschii, Diatoma vulgare, Fragilaria capucina, Asterionella gracillima, 
Synedra ulna, and Nitzschia linearis being much rarer in the tributary. Only 
Navicula viridula and Nitzschia acicularis were more frequent, which is not 
surprising, since both species are known to occur abundantly on the bed in 
the shallower parts of other rivers (Butcher, 1932). 

(xiv) The water of the Kennet was very dirty and appeared to be consider- 
ably polluted. It contained numerous clumps of Oscillatoria limosa. Except 
for the paucity of green algae and of Dinobryon divergens, the plankton did 
not differ materially from, that of the Thames, although Diatoma vulgare, 
Stephanodiscus Hantzschii, Navicula gracilis, Nitzschta recta, and WN. acicularts 
were commoner. D. vulgare and the two species of Nitzschia were more 
frequent in the main river below than above the point of inflow. 

(xv) The Wey (Table II) was examined at Guildford, samples having been 
taken on the previous day from both below and above the point of entry of 
this tributary into the main stream. The few green algae and Chrysophyceae 
present were rare and the majority of diatoms encountered were far less 
abundant than in the Thames. The only exception was constituted by 
Navicula viridula, which, however, was more plentiful below than above the 
point of inflow of the Wey. Similar results were obtained when the Wey 
was examined at Weybridge in August 1930 (p. 572). 


(b) The influence of the phytoplankton of tributary streams and backwaters on 
that of the main stream. 
There is some evidence that Navicula viridula and certain of the rarer con- 
stituents of the Thames phytoplankton, such as Eudorina elegans, Scenedesmus 
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quadricauda, S. obliquus, Microcystis aeruginosa, Merismopedia glauca, Di- 
atoma elongatum, Fragilaria pinnata, Synedra affinis, Nitzschia amphibia, 
N. communis, and N. acicularis, are supplied from backwaters or tributary 
streams.’ Such sources of supply may also in part account for local differ- 
ences in the character of the plankton (p. 568), although not affording a full 
explanation. 

In many cases at least local abundance of a particular species or a group of 
species seems to be due to special local factors in the main river itself. These 
encourage the development of certain species, probably on a part of the river- 
bed or on the macrophytes inhabiting the slower-flowing water near the banks. 
It is noticeable that in numerous instances species are more abundant in the 
river than in the adjacent tributary or backwater, and in such cases one 
can only conclude that they are derived from higher stretches of the river 
where conditions suitable for growth and multiplication obtain that are not 
realized in side-arms. A striking feature, too, is the often-marked discrepancy 
between the plankton of the backwater or tributary and that of the adjacent 
parts of the main stream. A species abundant in the former may not un- 
commonly be rare or absent in the latter. This indicates that conditions of 
existence must often be markedly different in the main river and its side 
branches, and that a species which may prosper in the latter cannot survive 
when introduced into the former. 

In a slow-flowing river such as the Thames the successful planktonts 
probably multiply in their passage downstream, as was observed in Melosira 
varians, Synedra ulna, Pandorina morum, and Eudorina elegans. A species, 
even if introduced in abundance from a side-arm, would appear rare in the 
main river unless such multiplication took place. 

As regards the majority of the commoner species, and more especially the 
diatoms, there is no evidence that they are essentially recruited from the 
tributaries or backwaters. It is probable that in the Thames, as suggested by 
Butcher (1932) for other British rivers, the constituents of the plankton are 
largely derived from the bed in the shallower parts of the river. During the 
course of this work algal growth scraped from stones on the river-bed, from 
wooden piles, &c.? (‘Table IV) was occasionally examined. Such growth con- 
sisted almost entirely of diatoms, the large majority of which were regularly 
encountered in the plankton. Some of these are true epiphytes attached by 
one valve (Cocconeis, Amphora) or more loosely by mucilage, stalks, or pads 
(Rhoicosphenia, Gomphonema, Cymbella, Achnanthes, some species of 
Synedra, and possibly also Diatoma, Fragilaria, and Melosira). As Butcher, 
however, has pointed out, a large number of forms with no obvious means 
of attachment regularly occur in such growths; these include species of 
Cyclotella, Navicula, Nitzschia, and Surirella. Without further investigation 
no definite conclusions can be drawn from these random collections, but they 


* See pp. 569 to 575. 
* Cf. also pp. 561, 563, 564, and 56s. 
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indicate that certain common plankton diatoms, without visible means of 
attachment, are on occasion also abundant on the river-bed. 


It would appear from the data given on pages 568 and 569 and in the Table 
that a species, although multiplying actively in one part of the river, may cease 


TABLE IV 
The Microflora of the River Bed 
Kew Shepperton 
eq 
28/5/28 7/9/28 29/6/30 ~~ 30/5/29 19/3/32 
Melosira varians . 6 : UC RU RF AF 
Cyclotella Meneghiniana . 5 RS UC RU 
a Kutzingiana . 3 RS 
Stephanodiscus Hantzschii : FC CF 
Thalassiosira decipiens. : SS RF RS 
Diatoma vulgare . é : UF RR CR AC 
Fragilaria capucina ; F CR 
Synedra ulna. : : ; RF CU FU eye 
»  acus ; : : RS FR 
»  affinis ; : : US 
Achnanthes lanceolata. : F R 
sei linearis : : A 
ry exigua . ‘ : U 
Cocconeis placentula : : RU RR RR 
Rhoicosphenia curvata . : CR UU US SS 
Navicula mutica . ; : RR RS 
x cryptocephala . : US RF SR 
.. », (var. intermedia) UR RR 
is viridula . é : RP SF FS PC 
» gracilis . : ; RF CU SR RU RR 
Amphora ovalis : ¢ UR RR Ss 
3 A var. pediculus . P C 
Cymbella prostrata : : U 
Gomphonema parvulum . : F 
5 olivaceum . : P FS P R 
Nitzschia linearis . AN 23 SP RF UC 
- amphibia tabla? FS CR R 
4 fonticola . : : F 
Surirella ovata : : : FU RS UU CR FF 


Note:—Letters in italic indicate frequency of these organisms in the plankton. 


to do so in a lower stretch. This seems to be the most natural explanation 
for abundance of a species at one point and great scarcity at another. How 
rapidly a species can disappear, when conditions for its existence are not 
suitable in the main river, is illustrated by the frequent marked discrepancy 
between the plankton of a backwater or tributary, and the part of the main 
river below its point of junction. 


V. ‘THE EFFECT OF THE TIDE UPON THE COMPOSITION OF THE 
PLANKTON AT Kew 
This was investigated on two separate occasions by collecting samples at 
Kew at three-hourly intervals, at different states of the tide (Table V). In 
August 1929 there were few striking differences in the composition of the 
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plankton at full tide, half ebb, low tide, and half flood. At high tide, however, 
Coscinodiscus excentricus was abundant and Fragilaria crotonensis rather com- 
mon, whereas both were much rarer at all other times. Cyclotella Meneghiniana 
was common only at low tide. In August 1930 there was even less contrast, 


TABLE V 
Kew—Tidal Effect 
August 1929 August 1930 
Half Half Half 


Low. flood. High. ebb. High. ebb. Low. 


Ceratium hirundinella 
Melosira varians 
cranulatar. : 
Cyclotella Kutzingiana - . 
on Meneghiniana 
Coscinodiscus excentricus 
Thalassiosira decipiens 
Biddulphia aurita 
Fragilaria crotonensis 
Rhaphonets amphiceros 
Asterionella gracillima 
Synedra ulna . : : ; 
»  acus var. angustissima . 
Navicula cryptocephala 
= viridula 
Nitzschia sigma 


CHUN NNDANHACICHC | 
CANUACAHCANNACAMYNA | 
CA| CHNCUD TNE DCA | 
MONCACNADAHDAQNCHINMD | 
CAC| PARP CUA | TA 
AAG| PAANSNCNUNHOCC 
NAAAADPQNINCNCHNACy 


the only notable difference being the greater abundance of Navicula viridula 
at low tide. It seems, therefore, that at Kew, which is almost at the limit 
of tidal influence, the tide exerts very little effect upon the plankton during 
the course of a day, except that upon occasion large numbers of truly marine 
species, such as Coscinodiscus excentricus, may be temporarily introduced. 

The majority of the marine diatoms occurring in the Kew plankton (i.e. 
Thalassiosira decipiens, Rhaphoneis amphiceros, Biddulphia aurita, and Nitzschia 
sigma) appear to be equally common at all states of the tide, but are seldom 
found ina healthy state. In this connexion it may be noted that the essentially 
marine Bacillaria paradoxa, already recorded in higher reaches by Fritsch 
(1g02 and 1903), was found on several occasions in small numbers but in 
quite a healthy condition as far up as Shepperton. At Kew there is little varia- 
tion in salinity during the course of a day. 

Mr. Stephenson informs me that in the lower stretches the salinity varies 
much more markedly with the seasons than with the state of the tide, the 
difference being almost entirely due to rainfall. For example, at Barking the 
salinity may be as low as 6-6 parts of sodium chloride per 100,000 (= 4 parts 
of chlorine per 100,000) after a spell of wet weather, whereas in dry weather 
it may be as high as 1,430 parts of sodium chloride per 100,000 (= 868 parts 
of chlorine per 100,000). ‘The salinity was unusually high in the summer of 
1929, no doubt as the result of the lack of rainfall. 


the River Thames (1928-1932). II 579 


A study of the plankton at Kew, especially in the summer of 1929 with 
this high salinity, shows that many of the freshwater forms can tolerate a 
greater salt concentration than is normally present above the tidal zone, 
without showing signs of damage. On the other hand, certain species (e.g. 
Pandorina morum, Melosira varians, Fragilaria capucina, Navicula crypto- 
cephala, and Nitzschia sigmoidea) which were common at Shepperton during 
the summer of 1929 were less frequent at Kew. Others which play a smaller 

erole in the plankton of the river (viz. Pediastrum duplex, P. Boryanum, Clos- 
terium moniliferum, Dinobryon divergens, Diatoma vulgare, Gyrosigma attenua- 
tum, and Nitzschia sigmoidea) were always less common at Kew than at Shep- 
perton. Their scarcity cannot, however, with certainty be attributed to the 
higher proportion of salts present. Two other important factors at least, 
namely, a low percentage of aeration and the presence of a large amount of 
organic matter, may have been responsible. 

It must also be borne in mind that the presence of chlorides (chiefly 
sodium chloride) is not wholly due to the influx of tidal water, but is also, 
at least in fresh waters, an indication of pollution by sewage effluents. 

In order to avoid the occasional tidal effect, the periodic collections of 
material at Kew were always made at or about low tide. This was also advan- 
tageous in that there was no disturbing wash from tugs or river steamers. 


VI. GENERAL SUMMARY OF Parts I AND II 


The phytoplankton of the Thames, like that of other rivers, consists very 
largely of diatoms and exhibits a well-marked seasonal sequence. In January 
Asterionella gracillima is the commonest species, while Synura uvella becomes 
prominent in February. The maximum plankton content is realized in March, 
the dominant species being Nitzschia linearis, Surirella ovata, Synedra ulna, 
and Navicula viridula, while Asterionella, Synura, and Melosira varians are 
often plentiful. In April Nitzschia, Melosira, and Navicula are still plentiful, 
but Synedra, Surirella, and Synura decrease in amount, while Diatoma vulgare 
comes to the front. In May Melosira varians is the dominant, while Nitzschia 
linearis and Navicula viridula have decreased in number. Asterionclla may 
still be prominent. Green algae appear in this month especially at Shepperton, 
to become more prominent in June. In the latter month Stephanodiscus 
Hantzschit is often the most frequent species and continues to be common 
in July; at Shepperton Melosira varians is sometimes equally abundant. 

The most marked difference in the plankton at Kew and Shepperton is 
observed in August and the following months. This is probably due to the 
stronger influence of pollution or influx of salt water at Kew owing to the 
scarcity of flood water. At Shepperton in August Melostra varians, Navicula 
cryptocephala, N. viridula, and Synedra ulna all occur in moderate numbers, 
while at Kew the commonest species are Thalassiosira decipiens, Melostia 
granulata, and C'yclotella Meneghiniana. In September Melostravarians, Navi- 
cula cryptocephala, and Gyrosigma attenuatum are common at Shepperton, 
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while at Kew the most prominent species are M. granulata and T. dect- 
piens. Green algae are now becoming rare. In October Melosira varians 
is plentiful at Shepperton while at Kew T. decipiens is still common and 
M. granulata and Asterionella frequent. In November the difference between 
the plankton at Kew and Shepperton disappears. M. varians is still common 
with Gyrosigma attenuatum well in evidence. 

A definite relation to a falling water-level is evident, the amount of phyto- 
plankton being greatest some time after the strength of the current has begun » 
to decrease in the early months of the year. The vernal diatom maximum is 
always associated with a high percentage of nitrate. The frequencies of many 
of the commoner species of the phytoplankton appear to be definitely related 
to certain environmental factors, the data in question having been sum- 
marized on page 567.. | 

The composition of the plankton in the different reaches of the river, 
though in general of a uniform character, may show marked variations. This 
has been established for the summer months, but is likely to be true also at 
other times of the year. The plankton of a considerable number of backwaters 
and tributaries has been examined collaterally with that of the main stream 
above and below the point of junction. These investigations show that, 
whilst in a few cases local differences in the plankton of the Thames can be 
ascribed to the introduction of material from such a source, this explanation 
by no means applies to all cases. Local abundance appears often to be due 
to local factors favouring the development of certain species, either on the 
river-bed or on macrophytes growing in shallower water near the banks. 

The investigations just mentioned afford little evidence in favour of the 
view expressed by Fritsch and others that the plankton of such a stream is 
derived from that of backwaters and tributaries. Only in the case of some of 
the rarer constituents was there an indication that the free-floating microflora 
is recruited from side-arms of the river. It therefore seems probable that, 
as Butcher has already suggested, the bulk of the plankton is derived from 
the bed in the shallow parts of the river. Random collections from the river- 
bed showed that many of the diatoms found commonly in the plankton are 
on occasion also prominent members of the attached flora of the river. At 
the same time there is distinct evidence that many of the planktonts may 
undergo considerable multiplication during their passage down stream and 
that local frequency may in some cases be due rather to this cause than to 
abundant supply from the source. 
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The Phytoplankton at Kew (April 1928 to March 1931) and Shepperton (September 1928 to September 1932) 


1928 1929 1930 be 1931 hes 
Apr. May. June. July. Aug. Sept. Oct. Nov. Dec. | Jan. Feb. Mar. Apr. May. June. July. Aug. Sept. Oct. Nov. Dec. | Jan. Feb. Mar. Apr. May. June. rate, Aug. Sept. Oct. Nov. Dec. | Jan. Feb. Mar. Apr. May. July. Aug. Sept. Oct. Nov. Dec. | Jan. Feb. Mar. Apr. May. June. July. Aug. Sept. 
Pandorina morum S Rs Ss Su S Sime RR MUS | CS rik © 7 I yee) S, toll) al R50 See RR ans i 5. 48 I Vice 
Pediastrum Boryanum R R Ry.GU R SS_ SI II I RRO ERS DUR OUR (US) RS Ir J SI) “RIG US: 2UU (UU UR: ESS ais I II 1 R Ss Ss U sf Cc U 
" duplex R & F UC S RS SI Is Tee, iE R FUgnChe. Uns SR. ess I us RU.) US GRR =esse I fj R S S I I U S Cc U 
Scenedesmus quadricauda I S R Ss S Ra Vie I SR UR @eEU FRe US RSS I Ss 7 S SSo- UU) RS SSS Sas Sie ss R R S 
Closterium moniliferum Ss I R IS i I S| R US RS 8S I Seer, U CREP URTER S I G S U F R I S S F F 
Synura uvella . I I RU R US RS UR -UR @PCw kULe SU OE 7S SERSeiR SS SiR RU FR FF RR RS S RS R s I) (Use eee s i, oe R Ss I fi F ¢ R R S I R 
Dinobryon divergens . I FR s s RU LUM CE. —CU FRO Cr US I S SS S SS R S S S U F S 
Melosira varians U P Cc F pra S, Fin cOe Fr Us Upeeh@aerUe Fh. UU UR. FU CR FR R RU| RRP FG AA AP CF. PU “PUD FREICU, CCM {UriaE FEO SPEC A P F F U R tS f F U alee) ss P 
»  granulata F F F R Ss Ss Ss I Ss Ret cAaesSr U Ss Ss Ss Ss Ss Ss c Ca Urn Ss Ss Ss " 
Cyclotella Meneghiniana s s U Cc cor sc FE SU SR RS” (SRUeSRE SR’ “UR RU RU RF ORR RU R SS SSuleTGe USSaees RU: > RF) LRU> RR “SROCSR Oe SSeS SS S Ss S S Ss R S I S R F U ty. aaah 
Stephanodiscus Hantzschii . s Ss Ss c U sc Ss SS SS Seer wpe CO PA, UP FU Ul SU R R Ss.) SJS° USSo>cRS. RE «SUL RR RRowSUe Ss aaa Ss USER R R S R S S x Ss R R ec P P F 
Thalassiosira decipiens S Ss Ss U G F U Ss Ss I R R Ss Ss R F Cc c P F Ry vu Ss Ss Ss Ss Ss Ss Lipeeas ‘as Ss Ss 
Diatoma vulgare U c U R S- OR R R SR RS" | RomeeCRaECr UaFE ORR 2UR ORS US RS SRR OSR RR UW CE FE UU) “UU. UR “RR US sseenoeek SR Ak oc 'e} F R R Ge R S S ee U U’ aR R S R 
Fragilaria crotonensis s I R F R Ss Ss Ss s Ss SR R U ey ma R Ss R U UF UP c F U Ss Ss Ss 
»  capucina . Ss R F U Ss UU 1 ERUL SR SS SS UR’ US FU PF CF FR RU RR i RU |S UR RR ORO FUL UU) UF “FUSGCH URaeSR Sheen CHEE SU CURT» Use ae R R Ss S R R S R S S Ss R 
Asterionella gracillima Q F s S RF Cc CS FU FU URE aEEPP) BPA er eeu RR UR RS, RU US| oF! CC MCC URSGFE, FCO RU] (RES RU BRE eR s| s UU. AeRC# Ae ae Ss aed « Ss S R Ta < F P Uae Ss S 
Synedra ulna A F R R U UU UeURyFu UR Rhee eae Cl RRS UP rCe FE o FR? FR R RU | CU FW PP FF “FU UR) PUs (FUL CRY FR) UU RR FP A Cc YT aie a U U R F P F F c CFP ae F 
» acus R s s s SS Ss Ss) iss SS ih URS SRE Sune RC, UU CRR. RR SS SSUSRS. RSO OR RS SS) SER ORR RSS S S IS UU R R S S S S R F R R aes S Ss 
Gyrosigma ices , Ss s I jae oe Pweg RS RR SR I ¥ Ss RRS ese. US Sa Wye RU ORR: SS— ERSss, STO Rote CS: “PULMFR SUPER UU RRS. LR Ue U U F F U R R Ss Ss S Ss s Ua 
Navicula agers ame = vars. ) R R U F U FF F FF FF Diu Ube UaeRS yeeRU eRU UU) AR. GR CU S UF |) RS “UR RS ‘RR ¢RRe RU RU CF (CU CFU FRE er ieee UR DUI eS R F F U Wee F F U R R R R R F C 
viridula A P Cc U R UR U (ore UU FU FU CP CF FC UF FF FU UR FR RRR i FE “FF CP” CP. PF CE FU FF © FR URS FEO UU OeoDee cee F sn 6 F F ig ar U Toe c F F ec U U 
i Ligaeils R U F R |: aa 1 0 F FF FF FE) BU CeRUPE RR UR, (RU RRY GUS *US FR R UU FU UR. UR ‘UF -FR CUD (UU) FU .CUSSFU RR ae eee Ue U lin wk F R R Re R U Uaekt U R 
Amphora ovalis R R R U R UR F UU UU UR Re2wSR SR GRR RU USS UR- LF OFS RFU | UR UR SS .SR US CR. CR ~FR CU VFRU UE FR Ure oe R Uw 4k U~ oe R R s R S S R U a 
Riveeday lemcaris c P F Ss S UR U RR RR Rk oO Rie PP ePra PC UCe FUT UR OR FS Ss UF RE OCR “AP, PP PC) CFU FR. US) CSU RRS ae RR -CP Pp Cc R R R U te oR S R G P c C R if 
Tm U F R s er Us R RU RR RS SR FF UU UU RU RS RS F US Ss SS* RR FE. UF “FU “RR RS “US -Ul “FU SURw Usa R RR UF R F F R R U UU UR S CU. .z F Uo ae R U U 
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Note:—Symbols in italic indicate frequency at Shepperton. Symbols in ordinary type indicate frequency at Kew. 
[Annals of Botany, N.S. Vol. II, No. 7, July 1938.] 
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Conjugation and Zygote Germination 
in Allomyces arbuscula! 
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I. INTRODUCTION 


HILE the sexuality of Allomyces (A. javanicus and A. arbuscula) has 

received considerable attention in mycological circles it deserves wider 
recognition, first, because it illustrates a very interesting type of sexuality 
and, second, because it presents material by which our knowledge of sexual 
phenomena can certainly be advanced. Concerning its type of sexuality it 
must suffice to say that it represents the only instance of heterogamous, 
planogametic conjugation known to exist in the fungi. Of those attributes of 
its sexuality that particularly recommend it as good experimental material the 
following seem most significant: 

First, these fungi are easily cultured, either on agar or in water. 

Second, all aspects of sexuality, i.e. gametogenesis (sex segregation and ex- 
pression), conjugation, and zygote germination, can be profitably studied in 
the living condition, even under the highest powers of the microscope. 

Third, this chain of sexual manifestations from gametogenesis to zygote 
germination can be followed at one sitting. Gametogenesis, from the gamete 
origin stage (the usual point of departure in such studies) to the discharge of 
gametes, takes about forty-five minutes. Conjugation usually occurs within 
the next ten to twenty minutes and zygote germination follows in one and 
one-half to two and one-half hours. Thus, the whole process of sexuality, 


! This work was done while holding a National Research Fellowship at Harvard University. 
[Annals of Botany, N.S. Vol. II, No. 7, July 1938.) 
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usually so difficult to observe in its entirety, passes in review in less than four 
hours. 

Fourth, the expression of sexuality in Allomyces is most spectacular. For 
instance, the male and female gametangia, in addition to differences in size, 
shape, and position, also differ in colour, the male being orange, the female 
grey. Between the gametes likewise there is a similar if less extreme colour 
distinction in that the male is brassy, the female grey. But this is not the only 
distinction between gametes, for here, as in the gametangia, there are other 
differences, differences in size, motility, and internal constitution that offer 
equally good, if less marked criteria of sex. 

Finally, it is to be noted that the gametes are uninucleate. The advantages 
‘of this condition in any cytogenetic study should not be overlooked. 

Such a promising and altogether remarkable type of sexuality deserves care- 
ful analysis. To this end a cytological investigation was inaugurated into the 
processes of gametogenesis, conjugation, and zygote germination. The results 
of the studies on gametogenesis having already been reported (Hatch, 1935) 
we now have only to consider conjugation and zygote germination. 


II. CyToLocicaL METHODS AND TECHNIQUES 
A. Methods. 


To obtain gametes, conjugants, and zygotes in quantity, and to provide an 
easy means of handling them during fixation, staining, and mounting, the fol- 
lowing simple procedure was followed: . 

1. Sexual mycelia were obtained as described in a previous paper (Hatch, 
1935, Pp. 625). 

2. When three days old these mycelia were transferred to sterile, 5-cm. 


Petri dishes filled with sterile, distilled water, on the bottom of which was 
placed a sterile cover-slip. 


3- The mycelium was suspended over the cover-slip and left in that posi- 
tion for one to four hours, at the end of which time it was removed. By 
this time the cover-slip had acquired a rich flora of gametes and conjugants 
and some germinating zygotes, for from the moment the mycelium was first 
suspended over it a steady fall of gametes and zygotes had rained down on 
the cover-slip. 

4. ‘The water was then drained off and the fixative introduced. (To study 
gametes fix from one to two hours; conjugants from two to three; zygote germ- 


lings from three to four. To trace zygote germination progressively postpone 
fixation.) 


5. Since the gametes and zygotes fixed themselves to the cover-slip they 
could be washed, stained, destained when necessary, dehydrated and mounted 


in balsam by carrying the cover-slip through the requisite changes and ulti- 
mately mounting it. 
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1. For gametes, conjugants, and planozygotes. 
Fixative: A modified Schaudinn’s fluid (3 strength)+2 per cent. acetic 
acid (15 minutes). 
Stain: iron-alum haematoxylin.! 
2. For germinating zygotes and for nuclei and nuclear detail. 
Fixative: $ per cent. solution of mercuric chloride+2 per cent. acetic 
acid (15-30 minutes). 
Stain: iron-alum haematoxylin.! 
3. For cytoplasm. 
a. Nuclear caps—Meves and Champy-Kull. 
6. Lipoid granules—osmic vapour, and iron-alum haematoxylin.' 


III. Tue Gamertes 


The male and female gametes of A. arbuscula are both of the same shape, 
both show precisely the same type of ciliation, and both are alike in their in- 
ternal organization. The differences, obvious and striking though they are, 
are not differences in kind but differences in proportions and pigmentation. 
There is, accordingly, no need of a separate discussion of both gametes. A 
careful description of one gamete, the female, should suffice if we reserve for 
the other a consideration of the relative proportions and differences in pig- 
mentation. 


The female gamete. 

The female gamete is a spherical to subglobose cell approximately 11 w in 
diameter (Pl. XVIII, Figs. 1 and 5). It bears either one (Pl. XVIII, Fig. 1) 
or two (Pl. XVIII, Fig. 5) long, posteriorly-attached cilia. While the great 
majority of gametes are uniciliate, biciliate gametes are regularly found and 
these gametes, apparently, are quite as normal as those with but a single 
cilium (p. 586). 

The gametes are uninucleate. The nucleus, however, is so completely in- 
vested by a bulky, more deeply staining, hence more prominent, nuclear cap 
that its separate identity might easily be overlooked. Improperly identified, 
the nucleus appears to attain extraordinary proportions. Properly identified, 
it is normal, for it is approximately only 3-6 » in diameter. Its position near 
the posterior membrane, just opposite the point of cilium insertion, is ex- 
plained by the fact that the nucleus is attached to the cilium. Springing from 
the nuclear membrane and extending to the point of cilium insertion on the 
gamete membrane is a thin, thread-like rhizoplast (PI. XVIII, Figs. 1 and 7). 
While the primary importance of this connexion probably lies in its integrat- 
ing function in ciliary motion, it also serves to anchor the nucleus to the 
gamete membrane. Its importance in this respect can be easily demonstrated, 
for when this connexion is broken, as is occasionally the case in violent 
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amoeboid movements, the nucleus falls away from the membrane (Pl. XVIII, 
Fig. 3). A second effect of the rhizoplast connexion upon the nucleus, an 
effect implied in its anchoring function, is the extension of the nuclear 
membrane when, as in ciliary activity, the rhizoplast is under tension (PI. 
XVIII, Fig. 6, a male gamete). 

The nucleus always contains a single, conspicuous nucleolus (Pl. XVIII, 
Fig. 1), which structure is as constant in size from gamete to gamete as is the 
nucleus itself. Its position in the nucleus is precisely the same as that of the 
nucleus in the gamete, and the explanation is also the same, for just as a 
rhizoplast anchors the nucleus close to the point of cilia attachment, so does 
an intranuclear extension of the rhizoplast draw the nucleolus close to the 
point of rhizoplast insertion (Pl. XVIII, Figs. 1 and 7). Furthermore, just as 
the rhizoplast occasionally effects a distension of the nuclear membrane, so 
does the intranuclear rhizoplast extension effect an extension of the nucleolar 
membrane. In the case of uniciliate gametes with one rhizoplast and with but 
a single intranuclear rhizoplast extension the nucleolus is drawn out into a 
conical shape (PI. XVIII, Figs. 1, 13, et al.). With biciliate gametes, with 
two rhizoplasts and two intranuclear rhizoplast extensions inserted upon the 
nucleolus at two different points, the nucleolus has two arms and is, conse- 
quently, roughly crescent-shaped (Pl. XVIII, Figs. 5, a female, and 6, a male 
gamete). The true motor apparatus, then, consists of a long cilium inserted 
on the gamete membrane but continuous through to the nucleolus within the 
nuclear membrane by means of a rhizoplast and an intranuclear rhizoplast 
extension. The presence of a definite connexion between cilium and nucleolus 
suggests that the nucleolus may have a functional significance, may even play 
an important role in the ontogeny of the motor apparatus. It may or may not 
be pertinent to this discussion, but it certainly should be noted that in living 
gametes the nucleolus exhibits remarkable displacements, swinging now to 
the right, now to the left, plunging ahead or settling back in the nucleus. 

The chromatin reticulum in which the nucleolus is embedded gives the 
appearance of being centred upon the nucleolus by reason of the slightly 
heavier strands that radiate from that body. The reticulum of the female 
gamete is characteristically looser than that of the male. 

In the female gamete, as has already been mentioned, the nucleus is not the 
most prominent protoplasmic inclusion. More prominent is the nuclear cap, 
a larger, more deeply staining, cytoplasmic body (Pl. XVIII, Figs. 1, 2, and 8). 
This remarkable structure invests the nucleus over more than half of its 
anterior surface and, as its name implies, is drawn down over the nucleus 
like a cap or, more properly, like a busby. The union between the nucleus 
and the nuclear cap is intimate and the two, especially in their early associa- 
tion, appear and move more as a single structure than as separate ones, i.e. any 
displacement of the one results in a like displacement of the other. 

While it must already be apparent that the nuclear cap is an anomalous 
structure this can be appreciated only when its transitory nature is taken 
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into consideration. It is a structure found only in the motile cells of Allomyces, 
the male and female gametes and the zoospores. In the sexual mycelium, 
even in the hyphal tips from which gametangia are abjointed, no nuclear 
caps are to be observed. Nor are they evident in the gametangia them- 
selves until some time after the gametes have separated out and dehiscence 
is imminent. But a nuclear cap is a most prominent structure in gametes. 
Whence does it come? The answer is to be found in a study of gametogenesis 
(or zoosporogenesis), where it appears that the nuclear cap is formed by the 
aggregation and coalescence of chondriosomes (Hatch, 1935). Still quite as 
baffling as its origin is its mysterious disappearance. In the zygote soon after 
conjugation the nuclear cap is a prominent structure but before germination 
this structure fragments and disappears not to be seen again until the asexual 
mycelium produces zoospores, the sexual mycelium gametes. In all probability 
it is converted back to chondriosomes (pp. 602 and 603). There is a third 
question, however, that we must answer at this point and that is what, 
precisely, is the structure of the nuclear cap? 

Since the nuclear cap is apparently a chondriosomal complex the only 
accurate picture of its structure is to be gained from techniques designed to 
preserve cytoplasmic structures in general, chondriosomes in particular. But 
even with these techniques it was thought advisable to employ enough, five 
or six, so that a comparative study could be made of the several fixation 
patterns. Other evidence, unimpeachable as far as it goes, may be obtained 
from a study of the nuclear cap in living gametes. In living material the 
appearance of the nuclear cap can best be described as cloudy, if by ‘cloudy’ 
one visualizes a more or less translucent, mottled, turbidity in which a funda- 
mental alveolar structure is suggested (Pl. XVIII, Fig. 8). This indication of 
an alveolar structure is apparent only in the body of the cap. Towards the 
periphery it is more dense and consolidated. With this picture in mind let us 
now consider and evaluate the evidence presented in nuclear caps fixed and 
stained first, by the method of Champy-Kull, second by that of Meves, these 
being the most successfully employed cytoplasmic techniques. 

With Champy-Kull the nuclear cap proves to be a chambered structure 
bounded by a ragged, fissured envelope or shell, irregular and variable as to 
thickness (Pl. XVIII, Fig. 9, a male gamete). This shell and the walls of the 
chambers represent the chromatic material in the complex and stain a deep 
red, which colour, with this technique, indicates a chondriosomal affinity. In 
section the cap appears reticulate, its reticulum being characteristically 
swollen at its intersections. The stain, as would be expected, is taken up 
primarily by this reticulum, for it represents the disposition of the chromatic 
material in this view. : 

With Meves the nuclear cap shows the same structure, a ragged, fissured 
envelope and a chambered interior (Pl. XVIII, Fig. 10). It also shows the 
same staining reactions in that the chondriosomal stain, a deep grey-black in 
this case, is taken up by the same chromatic material. With this technique, 


966.7 Q q 


588 Hatch—Conjugation and Zygote Germination 


however, a more detailed analysis can be made of the precise organization of 
the cap, since here the structure of the chromatic material has apparently 
been more faithfully preserved. With Meves, while the organization of the 
chromatic material in some nuclear caps is precisely the same as that revealed 
in Champy-Kull preparations, in others it is differently distributed so that, 
though still chambered in effect, it gives to the nuclear cap an alveolar ap- 
pearance. In still other nuclear caps it is so disposed that the cap takes on a 
structure that can best be likened to an aggregation of granules bound 
together by membranes, in section a knotted reticulum. 

An explanation of this varied disposition of the chromatic material is not 
difficult to find if we recall that the nuclear cap is an aggregation of chon- 
driosomes, structures which are known to have the capacity of vesiculation. 
But before concluding that the nuclear cap is an aggregation of vesiculated 
chondriosomes it would be well to consider whether the vesiculations of 
chondriosomes could produce a structure as intricate and variable as the 
nuclear cap. It appears that it could, for in the vesiculation of chondrio- 
somes: 

(1) A vesicle of varying proportions may be formed upon the chondrio- 
some. This would account for the looseness or compactness of the 
reticulum. 

(2) The membrane or envelope about the vesicle is chromatic, like the body 
of the chondriosome from which it is derived; the lumen is achromatic. 
This disposition of the chromatic and achromatic substances would 
result in a chambered structure if and when numerous vesicles were 
compressed together. 

(3) The thickness of the membrane is variable from time to time and 
place to place, depending upon the extent to which the substance of the 
chondriosome is dispersed over the membrane. This feature would 
account for the varied disposition of the chromatic material noted in the 
nuclear cap. 

Other cytoplasmic inclusions of importance in the gametes of Allomyces 
arbuscula are the lipoid granules. These are small spherical structures in 
constant Brownian movement. In their distribution they are somewhat re- 
stricted in that they scarcely ever take up either an extreme parietal or an 
extreme central position (Pl. XVIII, Figs. 8, 10, and 11). Theirs is the middle 
ground. In this distribution they follow the concentration of the undif- 
ferentiated cytoplasm which is vacuolate parietally, next to the membrane 
and centrally about the nucleus and nuclear cap. In fixed material the dis- 
tribution of the lipoid granules is very useful in determining the condition of 
the gamete*at the time of its fixation. If it is living the lipoid granules will 
retain their median distribution; if dead they will be parietally disposed. 
This obtains from the fact that at death the lipoid granules pass to the peri- 
phery of the gamete. In their activity, too, the lipoid granules are good 
criteria of the well-being of the cell, for while their Brownian movement is 
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restrained in healthy gametes it is immeasurably more violent in dead and 
dying gametes. In addition to their limited Brownian movement the lipoid 
granules are moved about from place to place by the movements of the 
gamete. When the gamete is swimming they usually become aggregated 
towards the anterior end of the cell. With the cessation of active motion, at 
least some of the lipoid granules glide back around the nuclear cap and even 
gather behind the nucleus. 

A very considerable significance is attached to these lipoid granules because 
their pigmentation is an accurate indication of the sex of the gamete. In the 
female gamete they are dark grey, in the male, orange. Going back through 
gametogenesis for an explanation of this pigmentation we find that when the 
two gametangia, the male and the female, are first cut off from the hypha 
their lipoid granules are dark grey. In the female gametangium no change 
occurs in the colour of the lipoid granules, but in the male gametangium 
there is a decided change, for even before the gametes become delimited the 
lipoid granules become orange. While this is one of the sharpest expressions 
of sex that we have and one that might lend itself most profitably to physio- 
logical and biochemical analysis, such a study has yet to be made. 

But are these granules correctly named? Are they of lipoid nature? On this 
point the evidence is largely negative in that while it can apparently be shown 
that these granules have neither the properties of true chondriosomes or true 
fats, their lipoid nature is not proved. For example, with Champy-Kull, a 
differential cytoplasmic stain that is supposed to stain chondriosomes red and 
fats black, these lipoid granules do not stain at all (Pl. XVIII, Fig. 9). With 
Meves, where the chondriosomes should theoretically stain a dark grey or black 
and fats black, the lipoid granules stain a light brown (Pl. XVIII, Fig. 10). 
That they are closely related to fats—possibly possess some fatty component 
—is suggested by the fact that with Cramer’s osmic vapour method where 
intense blackening indicates fat, they stain more deeply than the chondrio- 
somal nuclear caps (Pl. XVIII, Fig. 11). 


The male gamete. 

The male gamete differs from the female in that it is only 8 » while the 
female is 11 y in diameter (cf. Pl. XVIII, Figs. 1 and 2). Its nucleus is propor- 
tionately smaller, being but 2-3 4, while that of the female is 3-6 in diameter 
(cf. Pl. XVIII, Figs. 1 and 2). The same disproportion also holds between its 
nuclear cap and that of the female (cf. Pl. XVIII, Figs. 1 and 2). Finally, as 
we have already noted, its lipoid granules are orange, while those of the 
female are grey. 


The amoeboid activity of gametes. 

While the manifestation of amoeboid activity by a gamete is dependent 
upon the age of the culture and the conditions of the environment into which 
the gamete is set free, J am not prepared, in this paper, to examine cause and 
effect any more than is necessary to select what appear to be instances of 
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normal gamete activity. Given a clean, young, aqueous culture in which 
gametangia are forming and dehiscing freely, we find that the female gametes 
exhibit their amoeboid behaviour at two different times. As soon as they 
are individualized after dehiscence they show restrained amoeboid move- 
ment (p. 591). This, however, persists for only a limited time, until 
conjugation supervenes or until the gametes display their ciliary activity 
and swim off. The second period of amoeboid activity occurs when the 
gametes abandon their ciliary activity and drop to the substratum. The 
amoeboid movements of the gametes during this period are unrestrained 
and vigorous. The amoeboid activity of male gametes differs from that of the 
female in only one respect; the first period of amoeboid activity is more 
often dropped out of their swarming cycle. The role of amoeboid movement 
in conjugation will be described later. 

Observations on living amoeboids reveal that pseudopod extension is 
initiated by the formation of a hyaline bulge or blister on the surface of the 
gamete. With the subsequent extension of the pseudopod this hyaline area is 
carried up on its tip as a lenticular cap. Crowding in behind this cap are 
numerous lipoid granules brought there by the concentration of the cyto- 
plasm. Behind this area, more or less wedged in the base of the pseudopod, 
is the nuclear cap. Its precise disposition in the pseudopod can not be deter- 
mined without fixing and staining the gametes. When this is done (Pl. XVIII, 
Figs. 3 and 4, 12-15) it appears that the nuclear cap suffers serious and often 
bizarre dislocations. In any really vigorous pseudopodial activity at least a 
portion of its substance is almost always drawn up or swept up into the 
pseudopod (PI. XVIII, Figs. 3 and 4, 13-15). Very often the greater bulk of 
thenuclear cap is displaced from about the nucleus and deposited in a pseudo- 
pod, leaving behind on the nuclear membrane only scattered remains of cap 
substance (Pl. XVIII, Fig. 15). Sometimes all connexion is lost between these 
masses (P1. XVIII, Fig. 14), sometimes, as in Pl. XVIII, Figs. 4, 13, and 15, 
this connexion is retained. From its susceptibility to distortion in the later 
stages of amoeboid activity, the nuclear cap appears to be made up of a 
rather malleable material. With the cytoplasm streaming towards the base 
and up into the pseudopod the gamete becomes vacuolate elsewhere, and 
this becomes particularly marked in those limits of the cell most distant from 
the pseudopod. 


IV. CONJUGATION 


Conjugation in Allomyces has been described by two different workers, but 
neither attempted to analyse the phenomenon very critically. Kneip (1929), 
working with A. javanicus, discovered zygotes in cytological preparations in 
which the progress of a nuclear and cytoplasmic fusion could be traced, but 
he never saw the fusion of a male and female gamete and never, apparently, 
made any direct observations on conjugation as it occurs in living material. 
The writer, in a preliminary paper (1933), described the process of conjugation 
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in A. arbuscula, but that account, based on observations of living material, 
was not complete and was not supplemented by a cytological study. 


1. Observations on living material. 


In this account of conjugation the arrangement of the gametangia and their 
time of dehiscence must be mentioned because they seriously affect the 
number of conjugations achieved. In A. arbuscula the male and female game- 
tangia are formed in couplets or in chains in which the male and female 
gametangia regularly alternate. The advantage of this arrangement in increas- 
ing the frequency with which male and female gametes are brought in con- 
tact is obvious, provided, of course, that the gametes from contiguous male 
and female gametangia are discharged at the same time. This is precisely 
what happens in most instances. 

But much of the advantage inherent in their arrangement and simultaneous 
discharge might well be lost if the gametes simply poured out of the emergence 
papillae and moved away. This does not happen. In the dehiscence of the 
female gametangium the gametes emerge slowly, often in large blobs so that 
they are not completely individualized when they first appear. But even when 
free and completely individualized they are slow to exercise their ciliary 
powers, hanging motionless, rocking gently as they seek to disengage their 
cilia, or, if quite free, crawling slowly about over the substratum. In a word, 
for one cause or another, they linger about the parent gametangium for a 
comparatively long time. The emergence of the male gametes is very different 
in that they slip out of their gametangium wholly individualized and imme- 
diately become active. If they begin their ciliary activities, as is usually the 
case, they explore their environment in short, wild dashes that carry some 
of them in among the more widely dispersed female gametes. If their motion 
is at first only amoeboid they crawl up over the male gametangium and even- 
tually some attach themselves to the female gametangium, where they tend 
to mingle with the female amoeboids creeping down over its surface. Thus, 
dehiscence in its effective utilization of a fortuitous gametangial arrangement 
achieves a close proximity for male and female gametes. Sexual attrac- 
tion, significantly enough, need not and cannot, apparently, be invoked to 
explain the achievement of this propinquity. For instance, it would be very 
difficult indeed to demonstrate that the female gametes possess any long- 
distance attraction for the free-swimming males. In the movements of amoe- 
boid males a sexual response might at first seem indicated but this, I think, is 
more apparent than real and could be adequately and more correctly accounted 
for by accidental and more or less casual causes. Since these amoeboids 
spread, i.e. since they move away from the point of their emergence, and since 
their spread can proceed only in two directions, up or down the gametangium, 
on purely contingent grounds, on the average, one-half the number would 
move in the direction of the female gametangium. Further, since the emer- 
gence papillae of most male gametangia are distally located and discharge 
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their gametes about the base of the female is it not to be expected that 
more male gametes should crawl up on the female gametangium than creep 
down over the hypha? Thus, without resorting to any explanation involving 
sexual attraction, we can easily account for all the male gametes found on the 
female gametangium. Further, since there is always some downward spread, 
some drift away from the female gametangium, the activities of male amoe- 
boids would seem to be primarily dictated by chance. That the female amoe- 
boids creep towards the male gametangium is not significant either, for this 
is the only direction in which they could move if they used the female game- 
tangium as a substratum. I think we must accordingly conclude that the final 
propinquity of male and female gametes is probably achieved by chance. If 
this be true, fortuitous gametangial arrangement and simultaneity of de- 
hiscence attain real significance, for together they achieve in this fungus a 
high degree of sexual union. 

While an effective long-range sexual attraction would seem to be lacking 
in A. arbuscula, a limited sexual attraction may exist. This attraction, if such 
it be, is only to be observed after a certain degree of propinquity has been 
established. An instance, and about the only instance I have seen of what 
might be called sexual attraction, was observed when a young and active male 
dashed into the centre of a group of three female gametes arranged as at 
the apices of an equilateral triangle, and forthwith ceased further move- 
ment. Before the advent of the male the females had been resting quietly. 
They were spherical and showed no reaction towards each other. As soon 
as the male appeared they threw out small pseudopods in its direction and 
began an unhurried march towards it. The first to make contact with the 
male fused with it, the male being passive. 

From what has already been said about dehiscence it must be apparent that 
the place at which most male and female gametes are thrown into the 
closest relationship is about the tip of the female gametangium. Quite as 
obviously the time at which most gametes attain this advantageous distribu- 
tion follows almost immediately upon dehiscence and persists for only some 
fifteen to twenty minutes, or until most of the gametes have left the gametangia. 
This is, then, the place and the time at which conjugation can be expected 
to take place, and so it does in large numbers. As a matter of fact, probably 
all but a small percentage of the total number of conjugations are achieved at 
this time. I say this more or less confidently because two things happen after 
active swarming begins that militate against successful conjugation. First, the 
greater dispersion of gametes makes the attainment of the requisite propin- 
quity more difficult. Second, the ageing of the gametes makes the achieve- 
ment of a successful conjugation more and more uncertain. That ageing is an 
important consideration in conjugation is evidenced by the fact that while 
conjugation in young gametes (one to fifteen minutes old") is quick, almost 
instantaneous, in older gametes (fifteen minutes or over) it becomes an 


* The age of a gamete is computed from the time of initial dehiscence. 
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increasingly slower process until a point is reached where conjugation is 
actually impossible. Instances of failure in conjugation are numerous and 
conspicuous in all cultures. Time after time male and female gametes can 
be seen to come in contact and to glide continuously over each other, but 
without result. Since instances of this sort are to be found most regularly far 
from any gametangia, in regions that could be reached only after prolonged 
ciliary activity, the assumption is that these gametes must be relatively old 
and that they fail to conjugate for this reason. F inally, there are the par- 
ticularly instructive cases in which old female gametes are beset by vigorous 
young males which have been but recently discharged. Although the males 
may swarm over the female gametes none succeed in fusing with them. Both 
gametes, apparently, have to be young and vigorous. 

Instances of successful conjugations between old gametes (both at least 
fifteen minutes old) have been reported in an earlier paper (Hatch, 1933, 
p. 167), from which I quote: 


“9.49 a.m. The last gamete in the female gametangium began pushing through 
the exit pore.’ Since it usually takes at least fifteen minutes to empty a gametangium 
this gamete was probably more than fifteen minutes old. 

“9.50 a.m. Before it could free itself a male moved up and apparently became 
attached by its anterior end.’ This male while of unknown age could not in all 
probability be younger than the female, since the last male gametangium in de- 
hiscence in this region was the subtending male and this had been discharged 
fifteen minutes. 

“10,01 a.m. The two became separated but only momentarily, the male again 
applying itself to the female, this time with a vigorous lashing of its cilium, as if it 
were trying to force an entrance. This induced violent movements in the female, 
then both became quiet and so closely appressed that it was thought erroneously 
that fusion had been completed. 

“10.15 a.m. The female began to blister and bubble over its whole surface. This 
was the start of the amoeboid movements that were to continue for ten minutes. 
Ciliary motion, however, did not cease. The associated cells now became much 
elongated. In this form they thrashed about, accompanying these motions with 
amoeboid movements that, on occasions, drew out the fusion cell into very odd 
shapes. 

‘10.25 a.m. The zygote became noticeably quiet and started sliding down over the 
surface of the gametangium towards the hypha. 

‘10.30 a.m. It rounded up, forty minutes after fusion began.’ 


Conjugations of the sort described above, however, are more spectacular 
than numerous, more bizarre than significant. More numerous and more 
typical are the quick and relatively unobtrusive fusions achieved by 
gametes less than fifteen minutes old. A case in point is that of the con- 
jugation described below. It is as typical as any one instance of conjugation 
can be. 

At 2.08 the female gametangium discharged its first gametes. 

At 2.10 male gametes began to issue from the male gametangium. 
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At 2.13 in a survey of the female gametes three, already completely in- 
dividualized, were singled out for closer observation. They were gathered in 
a little group, free from the others, and the only motion they showed was a 
gently swaying movement. They were also spherical, so that in neither motion 
nor shape did they show any reaction towards each other. Finally, they were 
densely granular as are all young and vigorous gametes. 

At 2.14 a male gamete from the subtending male gametangium, in one of 
its erratic, zigzag dashes, swung into the centre of this group. No contact, 
however, was established between the male and any of the three female 
gametes unless it was achieved through their cilia. Nevertheless, a notable 
change came over both the male and the female gametes. The male im- 
mediately ceased his active ciliary movements and remained quietly in the 
midst of the females. The response of the females was an amoeboid move- 
ment in the direction of the male gamete. Slowly the female gametes closed 
in on the male. 

At 2.17 after three minutes of this amoeboid activity the nearest female 
made contact with the male. They came together smoothly, slid about over 
each other momentarily, and then fused with a rush. Upon this abrupt ming 
ling of cytoplasms a mad swirling and streaming ensued which resulted in 
bizarre distortion for the young zygote. It seemed to boil and bubble over its 
whole surface as its contents poured in and out of pseudopods which were 
retracted almost as soon as they were extended. While the zygote at this time 
scarcely lent itself to careful microscopical analysis, enough could be seen to 
determine that the cilia were, apparently, inserted at about the same spot on 
the zygote membrane, that the nuclei were drawn up side by side just below 
this point, and that the nuclear caps had fused. The question of how this 
alinement was achieved must be left unanswered temporarily. 

At 2.24, after seven minutes of this ebullition, the zygote rounded up 
and swam away with a vigour and speed that made it very difficult, if not 
impossible, to follow it. Of the subsequent behaviour of the swarming zygote 
all that could be observed was that it tended to drop toward the substratum. 


2. Observations on fixed material. 


The act of conjugation between living gametes is so sudden as to prevent 
careful analysis. By fixation, however, this process can be halted so that 
conjugation may then be more effectively studied. Particularly significant in 
this regard‘is the fact that fixation apparently arrests conjugation instantly, 
even in its most violent phase. Those stages that can scarcely be detected in 
the living condition are consequently preserved. — 

It will be recalled that after contact was established between male and 
female gamete, they did not fuse immediately but slid over each other, their 
movements being barely perceptible or highly conspicuous, depending upon 
the age of the gametes. The significance of this is made clear in cytological 
preparations because they show that conjugation requires precise positional 
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adjustments between the gametes. Their membranes do not break down at 
any point on their surface but in a certain definitely prescribed region. ‘This 
region is that which immediately surrounds the point of cilium insertion. 
When the ciliated ends are opposed, and not until then, gametes which are 
capable of fusion, fuse. 

After this necessary orientation of the gametes is ohieved there is probably, 
to judge from the momentary cessation of movement in living gametes, a 
short pause before the membranes actually collapse. From a study of living 
conjugants we know that with the collapse of the membranes the cells unite, 
but this throws no light on the actual process of conjugation. For this we 
must turn to cytological preparations. 

Pl. XIX, Fig. 16, is of a male and female gamete about to establish contact. 
In these gametes the nuclei, nucleoli, and nuclear caps can be easily seen; the 
cilia can also be seen but much less distinctly. But even were the cilia in- 
distinguishable, the ciliated end of the gametes could be quickly determined 
by noting the position of the nuclei and nucleoli for, as has been pointed 
out, the cilium of a gamete is connected with its nucleus by a rhizoplast, 
continuous through to the nucleolus by an intranuclear rhizoplast extension. 
In Pl. XX, Fig. 22, the two cells have come in contact, and the male has begun 
to crawl or roll over the female. The relative proportions of the nuclei, 
nucleoli, and nuclear caps in the two gametes are readily apparent. Quite as 
apparent is the fact that the ciliated ends of the two gametes have not yet been 
brought together. This essential adjustment is being made by the amoeboid 
movements of the male. In Pl. XIX, Fig. 17, and Pl. XX, Fig. 23 (the 
same conjugants), this adjustment has been achieved and the two cells are 
joined by a pore-like connexion. The collapse of the gamete membranes has 
occurred, and that collapse significantly enough has occurred at the bases of 
the cilia. 

After this pore-like connexion is established the two cells proceed to ‘fold’ 
or ‘swing’ together. I say this advisedly, for while the roof of the pore, 1.e. the 
membrane lying between the points of cilia insertion, suffers no significant 
distension the floor of the pore is depressed downward (PI. XIX, Fig. 18, and 
Pl. XX, Fig. 24, same conjugants). As a broad connexion is established, 
probably by the expansive rush of cytoplasm, the nuclei and nuclear caps 
swing together. They do this, apparently, because the nuclei are suspended 
from the roof of the pore by their rhizoplasts, ‘which significantly converge 
towards the gamete membrane where they connect up with their respective 
cilia. The points of cilia insertion being median to the nuclei and somewhat 
closer together than the nuclei, the latter must perforce swing together. As 
the nuclei move closer the nuclear caps are brought into contact. When they 
meet they coalesce (PI. XIX, Fig. 20, and Pl. XX, Fig. 25). With the nuclei 
swung into place and the nuclear caps fused (Pl. XX, Fig. 26), conjugation is 
ostensibly complete. It only remains now for the zygote to show certain 
further accommodations. Foreign cytoplasms have to be mixed, unlike 
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lipoid granules have to be stirred together, and the nuclear caps have to 
amalgamate and adjust themselves to their new station. This is all accom- 
plished, I suggest, in these wracking amoeboid movements that are so 
characteristic of post-conjugants. Shortly after, as we know, the zygote 
rounds up and swims away. Its appearance at this time is shown in PI. XIX, 
Fig. 21, and Pl. XX, Fig. 27 (same conjugants). 

By way of conclusion I should like to emphasize that conjugation in Al- 
lomyces arbuscula is essentially a ‘folding together’ of male and female gamete. 
The male does not empty itself into the female or the female into the male, 
but both empty towards the point of rupture, a common, neutral, median 
ground, and there reorganize the new cell, the zygote. It is true, of course, 
that in the first rush of cytoplasm one conjugant may momentarily receive a 
disproportionate amount. See Pl. XIX, Fig. 19, and Pl. XX, Fig. 25, where 
the male has a greater volume than the female. This is only a temporary 
condition, however, and is’ quickly adjusted as the zygote organizes itself 
around the centrally disposed nuclei. 

Before leaving the subject of conjugation I should also like to call attention 
to the fact that while the motion of the gametes prior to conjugation is 
relatively restrained, that of the zygote, the product of conjugation, is very 
vigorous. Its amoeboid activity is violent and when it begins to swarm it 
swims with great rapidity, dashing about most energetically, more so, perhaps, 
than the male gametes at the height of their activity. It is as though the 
zygote gained considerable vigour as a result of conjugation. 

With the formation of the zygote conjugation might be considered at an 
end, but, although two cells have been combined, and two cytoplasms have 
been mixed, the male and female nuclei have yet to fuse. To locate the time 
of nuclear fusion and to trace the progress and the process of this fusion it 
is necessary to consider the history of the zygote. As we have noted, the 
first few minutes of a zygote’s existence are given over to violent ebullition. 
It then rounds up and swims away. While it swims with great vigour it 
nevertheless gradually settles in the water and thus, sooner or later, brings 
up on the substratum. Here it becomes amoeboid. After some minutes of 
amoeboid activity it rounds up and movement permanently ceases. In this 
quiescent state the cilia are cast off and the nuclear cap breaks down, 
becoming completely dispersed through the cytoplasm. After swelling slightly 
the zygote germinates by rhizoidal germ-tubes. The first of these develop- 
ments to affect the nuclei in any significant way is the casting of the cilia. In 
the sloughing of the cilia the rhizoplasts connecting the cilia and the nuclei 
are destroyed. Since it was the rhizoplasts that drew the nuclei close to the 
zygote membrane, their collapse causes the nuclei to be set loose (Pl. XXII, 
Fig. 37). But the important development, as far as nuclear fusion is concerned, 
is the dissociation of the nuclear cap. The progressive disintegration of this 
body is shown in a series of photomicrographs (Pl. XX], Figs. 28-33). The 
zygote of Fig. 28 has but recently come to rest, and but recently lost its cilia. 
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Its fused nuclear caps are well concentrated and stain heavily. Its peripheral 
cytoplasm is relatively clear. The zygotes of Figs. 29 and 30 illustrate two 
stages in the dispersion of the cap substance. In Fig. 31, although the dis- 
persion is almost complete, two small masses yet remain to be dissipated. In 
Fig. 32 it is complete, and in F ig. 33 germination has begun. This same 
series is illustrated in Pl. XXII, F igs. 40-5. The relationship between 
the dissociation of the nuclear cap and nuclear fusion is that only with the 
dissociation of the nuclear cap do the nuclei become free to fuse. 

Prior to the dissociation of the nuclear cap the male and female nuclei 
often become widely separated in the cellular displacements experienced by 
the amoeboid zygote. Sometimes, however, the nuclei retain their side-by- 
side position (Pl. XX, Fig. 27). The degree of association between male and 
female nuclei prior to nuclear cap dissolution is, then, no measure of pro- 
gress towards an eventual nuclear fusion. Only after the nuclear cap begins 
to break up and the nuclei are ‘freed’, so to speak, is the association between 
male and female nucleus any indication of the imminence of nuclear fusion. 
Thus, in Pl. XXII, Fig. 40, the close association of male and female nucleus 
probably means very little, whereas that of the nuclei in Pl. XXII, Fig. 42, 
is probably of some significance. The justice of this assumption is borne 
out by the fact that since nuclear fusion is often accomplished before the 
cap substance has been wholly dispersed (PI. XXII, Fig. 43), effectual nuclear 
contact must often be established at a stage in nuclear cap dispersion com- 
parable to that exhibited in Pl. XXII, Fig. 42. 

The manner in which nuclear fusion is achieved is shown in Pl. DO. Ik 
Figs. 30-3, and in Pl. XXII, Figs. 42-5. In Fig. 30 the nuclei and nucleoli 
lie in the same focus. An opportunity is thus offered to make a comparative 
study of male and female nuclei, male and female nucleoli. In this and other 
zygotes, where the male and female nuclei are actually in contact, the nucleoli 
very often appear to be displaced towards the point of contact. It is far from 
certain, however, that there is any real significance in this opposition of male 
and female nucleoli, since fusion can apparently be accomplished by nuclei 
whose nucleoli are not so precisely orientated. The best explanation of the 
frequent occurrence of this opposed orientation is to be found, I believe, 
in the nuclear alinements achieved at conjugation where the nuclei are 
brought in contact by their nucleolated ends. When this alinement is not 
disturbed the nucleoli would naturally be left facing each other across their 
adjoined membranes. Pl. XXI, Fig. 31, and Pl. XXII, Fig. 43, illustrate 
instances of actual nuclear fusion, Pl. XXI, Fig. 32, and Pl. XXII, Fig. 44, 
the appearance of fusion nuclei. These particular nuclei are interesting 
because the male and female nucleoli have not yet fused as they shortly will, 
and as those of Pl. XXI, Fig. 33, and Pl. XXII, Fig. 45, actually have. The 
nucleus of PI. XXII, Fig. 44, illustrates still another point in that the chro- 
matic reticulum abutting on the female nucleolus is clearly looser than that 
drawn about the male nucleolus. 
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From the foregoing account of the nuclear developments in the zygote it is 
apparent that in point of time nuclear fusion is more closely associated with 
the germination of the zygote than with the act of conjugation. ‘This is not 
always the case, for very occasionally planozygotes are found in which nuclear 
fusion has already been achieved. Why should the nuclei in an occasional 
zygote fuse quickly, yet those of an overwhelming proportion fail to fuse until 
the time of germination? The explanation lies, I believe, in the fact that 
during conjugation the intrusion of nuclear cap material between the nuclei 
may be great, or little, or none at all. In view of the fact that a wall of 
intact cap substance apparently acts as a barrier to nuclear fusion it seems 
entirely logical to conclude that when there is an intrusion of cap substance 
nuclear fusion is delayed until zygote germination; but that when there is no 
intrusion nuclei fuse quickly, possibly at the time of conjugation or shortly 
thereafter (PI. XXII, Fig. 47). In analysing this situation it is interesting 
to note that there is no intermediate condition: the nuclei fuse either early, 
at conjugation, or late, at germination. Of the overwhelming number of nuclei 
that fuse at the time of zygote germination it is safe to say that no more than 
one-half fuse prior to germination (Pl. XXI, Fig. 32, and Pl. XXII, Fig. 44), 
the rest fusing after germination (Pl. XXI, Fig. 36). In some instances 
germination may be far advanced before the male and female nuclei finally 
fuse. The zygote in Pl. XXI, Fig. 36, is a case in point. 


V. ZYGOTE GERMINATION 


When a cell specialized for a free-swimming or an amoeboid existence 
settles down, throws out germ-tubes, and begins to develop a mycelium, it is 
apparent that some very extraordinary adjustments have been made by that 
cell. The more spectacular changes include the casting of cilia and the 
extension of germ-tubes, but the fundamental change, of which this is pos- 
sibly only an expression, is the profound change that must take place in the 
protoplasm of the cell. In the germination of most zygotes, or zoospores for 
that matter, this fundamental adjustment is accomplished so unobtrusively 
that our knowledge of their germination is still very superficial. With the 
zygote of Allomyces arbuscula germination is intimately associated with the 
dissociation of a large nuclear cap, a cytoplasmic inclusion that can be easily 
seen and easily followed through the process of germination. 

Since it is impossible to state a priori just what renders a zygote fit for 
germination or when these conditioning changes occur, we may begin our 
analysis with the planozygote. 

The planozygote (Pl. XIX, Fig. 20, and Pl. XX, Fig. 27) is biciliate with 
both cilia inserted at approximately the same point on the zygote membrane 
and, unless it be one of those very occasional zygotes in which the nuclei fuse 
at conjugation, it is binucleate. Since the cilia are connected with the nuclei 
by rhizoplasts, the two nuclei are drawn close to the zygote membrane just 
opposiie the point at which the cilia are inserted. A common nuclear cap 
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invests these nuclei so closely that a wedge of cap substance is thrust between 
the nuclei. The cap at this time has a sharp, well-defined edge and stains 
heavily. 

While the planozygote may take a few short swarming flights after it first 
falls to the substratum, it more often ceases its ciliary activity immediately 
and starts exploring its new environment in halting amoeboid movements. 
These movements, which soon become very vigorous, result in curious internal 
transformations. The nuclear cap, for instance, is conspicuously affected. In 
Pl. XXII, Fig. 38, the nuclear cap has simply been folded back on itself. In 
Pl. XXII, Fig. 37, however, a small blob is in the process of being drawn into 
a pseudopod. In Pl. XXII, Fig. 39, most of the cap has been displaced from 
about the nuclei, and continued amoeboid movements threaten to disperse 
and fragment it further by pinching off one or both of the two arms into which 
the bulk of the cap has been concentrated. Finally, in Pl. XXII, Fig. 47, 
where the main body of the cap has been displaced from about the nuclei, 
another effect of amoeboid activity can be seen. This type of displacement is 
particularly common. The question of the varied disposition of the cap need 
give us no further concern, however, because by the time the zygote germinates 
and the substance of the cap enters significantly into the metabolism of the 
cell that substance will have become evenly dispersed through the cell. 

In the amoeboid phase one of the rhizoplasts may occasionally be broken. 
Before the zygote illustrated in Pl. XXII, Fig. 38, became amoeboid it was 
organized and orientated like the planozygote of Pl. XX, Fig. 27. In the 
attainment of the peculiar amoeboid condition it now exhibits, two pseudo- 
pods must have been organized towards what was then the ciliated end of the 
gamete, the upper end as we view it. Of these two pseudopods one apparently 
drew away to the left and arched up over the zygote. ‘The other swung off to 
the right and beneath the zygote. The male nucleus was caught up in the 
first, the female in the second, and both were carried to the position shown in 
Pl. XXII, Fig. 38. For the female nucleus this displacement meant the loss 
of its cilium, which structure was borne off on the tip of the other pseudopod. 
The consequence to both nucleus and cilium, when such a break occurs in the 
rhizoplast, is shown in Pl. XXII, Fig. 39. With the rhizoplast connexion 
broken, the female nucleus is no longer held in any fixed position in the cell, 
but becomes free in the cytoplasm where it is tumbled about in subsequent 
amoeboid movements. The cilium is thrown off. Whether this means that the 
cilium is as dependent on the nucleus for anchorage as the nucleus is dependent 
on the cilium is not easily answered. It would, however, seem to be indicated. 

In the remarkable instance of amoeboid activity described above (Pl. XXII, 
Fig. 38), while it would appear that an amoeboid process had literally ripped 
the female cilium from the female nucleus, there is really no means of proving 
that the nucleus had not disengaged itself from its cilium before the pseudopod 
bore it away. There is, then, some doubt even in this case, whether amoeboid 
movements can accomplish cilia-casting unaided. Since no instance has ever 
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been seen where amoeboid activity could be held solely accountable for the 
sloughing of cilia, the probability is that amoeboid movements are only 
incidental to another and a more fundamental process, the nature of which 
should become clearer as we proceed with the analysis of what occurs when the 
zygote comes to rest (Pl. XXI, Figs. 28-36, and Pl. XXII Figs. 40-5). 

In zygotes that have but recently abandoned amoeboid activity, the cilia, 
both of them, are conspicuously absent (Pl. XXI, Fig. 28, and Pl. XXII, 
Fig. 40). That they were sloughed off, not reabsorbed, is suggested by the 
fact that in zygotes where one cilium has been lost (Pl. XXII, Fig. 39), the 
other cilium is still whole and shows no evidence of even partial resorption. 
If resorption was the method employed in removing the first cilium it might 
be confidently expected that the second cilium would be at least partially 
resorbed. Supporting evidence is to be gathered from those zygotes where 
whole cilia have broken away from their nuclei (Pl. XXII, Fig. 38). 

In cilia divestment the connexion between the nucleus and the cilium is 
always broken. This is indicated in Pl. XXII, Fig. 39, and it is proved by the 
fact that in all zygotes lacking cilia (Pl. XXII, Figs. 40-2) the nuclei fall away 
from the membrane of the zygote. In all ciliated zygotes the rhizoplast con- 
nexions between nuclei and cilia hold the nuclei close to the membrane 
(Pl. XX, Fig. 27, and Pl. XXII, Figs. 39, 46, and 47). If cilia are sloughed 
off and this casting is anticipated by a break in the rhizoplasts, as seems 
reasonably certain, we now have only to determine where the changes arise 
that weakened the rhizoplasts. Do they arise from some internal change 
within the rhizoplasts themselves or from some changes external to the rhizo- 
plasts, i.e. in the cytoplasm through which the rhizoplasts pass? While it is 
true that the cilia, hence the rhizoplasts, become useless when the zygote 
comes to rest, and while it might be argued that loss of function might initiate 
changes within the structure that might conceivably result in the loss of that 
structure, this line of argument is more or less vitiated by the fact that the 
loss of ciliary function in gamete or zygote apparently does not, per se, result 
in the loss of cilia. This is most clearly indicated in the behaviour of 
gametes, for while they regularly continue to live for some time after they 
have ceased effective ciliary activity, barring parthenogenetic development, 
they do not discard their cilia. Likewise, when the zygote exchanges ciliary 
activity for amoeboid movement it does not cast its cilia immediately but 
carries them through all its amoeboid activity, and discards them only when 
it rounds up and settles down. Since loss of function by cilia apparently has 
little effect on the casting of the cilia it seems distinctly improbable that 
changes originating within the motor apparatus itself sufficiently account 
for the dissolution of the rhizoplasts. The weakening of the rhizoplast would 
seem to be effected from without, i.¢. from changes in the cytoplasm in which 
the rhizoplasts lie. Such changes are conspicuous, involving as they do the 
dissociation of the bulkiest inclusion in the cell, the nuclear cap. 

While it is very difficult to determine just when the dissociation of the 
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nuclear cap starts, it seems entirely probable that it may begin before the 
zygote settles down; if later, then at some time prior to the sloughing of the 
cilia. ‘The reasons for carrying the beginning of nuclear cap dissociation back 
into the amoeboid zygote, or at least to a period antedating cilia divestment, are 
two. One is that the gross dissociation of the cap substance becomes evident 
too quickly after the cilia are cast to have been initiated subsequent to that 
development. Changes such as this usually start slowly. The second point is 
that cilia divestment is apparently brought on by changes in the cytoplasm. 
The only cytologically demonstrable change occurring in the cytoplasm 
being the dissociation of the nuclear cap, it would appear as though the dis- 
sociation of the cap might in some way effect the sloughing of cilia. To do 
this, however, it must, at least in its beginning, precede the sloughing of the 
cilia. 

After cilia divestment the course of nuclear cap disintegration can be easily 
followed, and since its progressive dissociation can be most accurately and 
most effectively followed in a series of photomicrographs a plate has been 
prepared illustrating this (Pl. XXI, Figs. 28-33). The zygote of Fig. 28 has 
but recently come to rest, has but recently lost its cilia. Its fused nuclear caps 
are well concentrated and stain heavily. Its peripheral cytoplasm is relatively 
clear. The zygotes of Pl. XXI, Figs. 29 and 30, illustrate two stages in the 
dispersion of the cap substance. In Pl. XXI, Fig. 31, although the dispersion 
is almost complete, two small masses yet remain to be dissipated. In Pl. XXI, 
Fig. 32, itis complete, and in Pl. XXI, Fig. 33, germination has begun. A 
series of drawings has been made to supplement and to help in the interpre- 
tation of these photomicrographs (Pl. XXII, Figs. 40-5). 

Before claiming for the dissolution of the nuclear cap any special and ex- 
clusive significance in conditioning the zygote for germination, the role of the 
nuclei should at least be examined. It is apparent that in some zygotes nuclear 
fusion occurs prior to germination (Pl. XXI, Figs. 31 and 32, Pl. XXII, 
Figs. 43, 44), but that in others, representing nearly one-half of all the zygotes, 
germination begins, may even be far advanced, before nuclear fusion is 
achieved. The zygote in Pl. XXI, Fig. 36, is a case in point. To show 
the male and female nuclei, only the tip of the germ-tube could be brought 
into focus. It can be seen between the two gametes in the lower left-hand 
corner. Germination, then, runs its course irrespective of the nuclei. With 
the dissociation of the nuclear cap it is very different, for germination 
never occurs in its absence and is never long delayed after it is complete. 
The disintegration of the nuclear cap thus appears to be the fundamental 
protoplasmic adjustment that conditions the zygote for germination. That 
it has an effect on the cytoplasm is fairly certain, for it seems incredible that 
such a striking metamorphosis as complete disintegration could occur in the 
largest cytoplasmic inclusion without affecting the rest of the cytoplasm. For 
a demonstrable effect the dissolution of the rhizoplasts can be mentioned, 
for, as we have seen, the disintegration of the nuclear cap apparently induces 
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a physiological rejuvenescence in the cytoplasm capable of accomplishing this. 
A partial answer as to how it is accomplished is to be found in the fact that 
during the time that the nuclear cap is breaking up and for some time prior 
to actual germination the zygote increases in volume. Since a general increase 
in volume precedes germination the first effect, the primary and fundamental 
effect, of nuclear cap dispersion is, apparently, growth. Germination is but 
a secondary effect, is but another expression of growth, a special and a 
localized type of growth. Thus it would seem that the dissolution of the 
nuclear cap initiates germination by causing that cell to grow. 

The question arises as to how the dissolution of the nuclear cap causes a 
cell to grow? A very plausible explanation lies in the fact that chondriosomes 
are returned to cytoplasmic circulation when the nuclear cap breaks up. Now 
chondriosomes and growth are intimately associated in Allomyces arbuscula. 
In actively growing hyphal tips, for instance, the chondriosomes are numerous 
and their concentration is densest where the cellular metabolism is highest, 
namely in the tip. In the bulging of the gametangia during the early stages 
of gametogenesis and in the extension of the germ-tubes of zygotes at 
germination, wherever there is growth, chondriosomes are abundant and, 
conversely, wherever there is a notable concentration of chondriosomes there 
one finds growth. 

The relationship between chondriosomes and growth is shown to advantage 
in the germination of the zygote, for starting with a cell in which there are no 
chondriosomes one can watch the effect on the cell of the return of chon- 
driosomes to cytoplasmic circulation. As the cap is breaking up, freeing pro- 
gressively more and more chondriosomes, the zygote swells. There is, then, 
this morpho-physiological effect. The cytological picture changes, too, as a 
comparison of a planozygote and a germinating zygote will show (Pl. XIX, 
Fig. 21, Pl. XXI, Fig.:33, Pl. XX, Fig. 27, and Pl. XXII, Fig. 45). The 
cytoplasm, once so clear, becomes darker and more granular as the chondrio- 
somes move into the cytoplasm. In that initial phase, when the chondriosomes 
are evenly distributed through the cytoplasm, growth is general; the whole 
cell swells. When thé chondriosomes concentrate in the basal end of the 
zygote, as they shortly do, the extension of a germ-tube is imminent. Thus 
a localization of chondriosomes results in localized growth. 

The initial germ-tube to appear on the zygote is at first of small diameter and 
of approximately the same width throughout (Pl. XXI, Fig. 33, and Pl. XXII, 
Fig. 45). Very shortly, however, it begins to thicken proximally so that it 
develops a distinct taper (Pl. XXI, Fig. 35). When this germ-tube first 
appears a knot of chondriosomes crowds into it. As it grows, a weft of 
chondriosomes is carried along in its advancing tip and out into the tips of 
branches when these develop. Lipoid granules also move out into the rhizoi- 
dal system, but nuclei never leave the body of the zygote, for their diameter 
1s too great to permit them to push into the base of the rhizoid. Since the 
rhizoidal germ-tube grows very rapidly and branches profusely an extensive, 
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tapering rhizoidal system is soon laid down. When, and only when, this has 
become extensive does the body of the zygote begin to bulge apically (i.e. at 
the end opposite the rhizoids). In this bulge the chrondriosomes are again 
prominent. They crowd into it, and while a few lipoid granules may wander 
in behind them the chrondriosomes are by far in the majority. This bulge, 
which is the beginning of the hyphal germ-tube, is relatively broad, so much 
broader than the rhizoidal germ-tube that the nuclei can move into it easily. 

An immediate and a very interesting result of the growth of the zygote, 
both before and after germination, is to be found in the size of the nuclei. As 
the cytoplasmic volume increases the nuclear volume increases in the same 
ratio. In male and female gametes a certain ratio is established between 
nuclear and cytoplasmic volume (Pl. XVIII, Figs. 1 and 2, Text-figs. 1 and 2). 
This ratio, as nearly as can be computed, is the same for both cells, the smaller 
male nucleus maintaining the same balance with its smaller volume of cyto- 
plasm as the larger female nucleus does with its larger volume of cytoplasm. 
Conjugation, since it combines two balanced systems, simply perpetuates this 
balance. In the planozygote and in any zygote up to the time of its pre- 
germination enlargement, there being no increase in the amount of cytoplasm, 
no change is seen in the total nuclear volume (‘Text-fig. 3). Thus, from the 
time the gametes are formed until the zygote prepares to germinate, nucleus 
and cytoplasm preserve a static equilibrium. From the time of germination 
onwards, however, nuclei and cytoplasm are in dynamic equilibrium, for the 
cytoplasm is increasing in amount, the nuclei increasing in size. ‘To analyse 
this it is best to consider only the earliest stage of germination, that stage 
which comes to an end when the fusion nucleus divides. This suggestion is 
made because meiotic phenomena complicate the picture thereafter. 

In those zygotes where germination begins before the male and female 
nuclei have fused, both nuclei enlarge and both enlarge proportionately. 
When the gamete nuclei fuse before germination the fusion nucleus makes 
this adjustment (Text-fig. 4). Considering that the nucleus of the female 
gamete is but 3-6 y in diameter and that of the male only 2:3 », the fusion 
nucleus, with a diameter of at least 6 u, has a volume considerably greater 
than would be expected. This increase in volume over that of the combined 
male and female nuclei is apparently an adjustment of the nucleus to the 
effect of germination upon the nuclear-cytoplasmic ratio. 

The existence of a dynamic nuclear-cytoplasmic ratio does not end with the 
fusion nucleus, for it affects the daughter nuclei quite as strikingly as it does 
the gamete and fusion nuclei. In Text-figs. 5 and 6, for example, the daughter 
nuclei in the larger and older zygote are approximately twice the size of those 
in the smaller and younger zygote. In still older germlings, four-, five-, and 
six-nucleate zygotes (Text-figs. 7-13) the picture is complicated by the fact 
that two of the nuclei (marked with an x) are degenerating from causes quite 
apart from those inherent in a nucleus-plasma ratio. The other nuclei are 
normal enough and their size is apparently an expression of this ratio. ‘They 

966.7 Rr 


604 Hatch—Conjugation and Zygote Germination 


Text-Fics. 1-13. A series of outline drawings illustrating nuclear size and nuclear degenera- 
tion in the germinating zygote. x 1,750. Fig. 1. Male gamete. Fig. 2. Female gamete. 
Fig. 3. Ungerminated zygote in which the male and female nuclei have not yet fused. Figs. 
4-13. Germinated zygotes. Fig. 4. Fusion nucleus just prior to its division. Fig. 5. A bi- 
nucleate zygote. Fig. 6. A larger and older binucleate zygote showing in the enlargement of 
its nuclei the effect of cellular growth on nuclear size. Figs. 7 and 8. Four-nucleate zygotes in 
which the nuclei are of about the same size. Figs. 9 and ro. Four-nucleate zygotes in which 
two of the nuclei have clearly lost volume. Figs. 11 and 12. Five-nucleate zygotes in which the 
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are, however, very different in size. This means, for one thing, that in the 
germinating zygote of Allomyces arbuscula, nuclear size has apparently no 
genetic significance. The nucleus in Text-fig. 4 is the fusion nucleus and has 
the 2m chromosome number. The nuclei in Text-figs. 5-13 have but the 2 
chromosome number and yet some of them are as large as, some larger than, 
the 27 fusion nucleus. Nor is there agreement in size between nuclei of 
the same chromosomal constitution. The two larger nuclei of Text-fig. 10, 
for example, both have the haploid number of chromosomes and yet one is 
much larger than the other. The three larger nuclei of Text-fig. 11 show 
the same lack of agreement, the largest being three, possibly four, times 
as large as the smallest. In Text-figs. 12 and 13 much the same sort of dis- 
agreement exists in the size of the nuclei. But cana nuclear-cytoplasmic ratio 
explain this variation in nuclear size? It can do so, if we postulate that 
local concentrations of cytoplasm, working within the ratio, control the size 
of the nuclei in their vicinity; hence the presence of larger and smaller nuclei. 
Since the internal constitution of the nuclei apparently has nothing to do with 
it, some external factor must be sought, and what better than this ratio? 

This discussion of nuclear size in the zygote explains why so little mention 
is made of nuclear size in the subsequent description. Except as an expres- 
sion of the nuclear-cytoplasmic ratio it seems to be of no significance. Now, 
the zygote is not an isolated system, for elsewhere in the ontogeny of the 
thallus the same conditions obtain, though they may not be so extreme. 
Thus, if one would read genetical implications into nuclear size the opera- 
tion of the nuclear-cytoplasmic ratio should always be taken into account. 
Care should also be taken to discover the mean of a great many nuclei. To do 
this whole thalli should be studied. 

In analysing the whole series of adjustments made by a zygote from the 
time it ceases its motility until it extends its first germ-tubes, it seems 
justifiable to interpret germination as a sort of chain reaction which is set in 
motion by the dissolution of the nuclear cap. According to this interpretation 
germination may actually begin while the zygote is still motile, i.e. in the 
amoeboid zygote, or if a little later, then some time in the early history of the 
stationary zygote. ‘The argument is as follows: cilia do not drop off the zygote 
and nuclei do not change their position without cause, but this, as we have 
seen, is brought about by the collapse of the rhizoplasts. As to the cause of the 
rhizoplast collapse, everything points to a subtle change in the cytoplasm 
through which these rhizoplasts pass (pp. 600 and 601) and the only thing likely 


diminution of the two smaller nuclei has progressed still further. Note that the retrograding 
nuclei in Fig. 11 are both binucleate and that among the three larger nuclei there is a very 
considerable variation in size. Fig. 13. A six-nucleate zygote in which degeneration has over- 
taken the retrograding nuclei. Their nuclear membranes have broken down and their 
chromatic reticulums have become so dispersed that their nucleoli are now all that identifies 
them. N. = nucleus; N.c. = nuclear cap; No. = nucleolus; x. = degenerating nuclei. 

Magnifications stated in these ‘Explanations’ are based on the requisite reductions in all 
cases. 
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to effect this change is an incipient dissociation of the nuclear cap. That the 
dissociation of the nuclear cap does have an effect on the cytoplasm is 
certain. That the initial effect should be the dissolution of the rhizoplasts 
seems likely. Thus the circumstances behind the casting off of cilia point 
to a prior change in the nuclear cap. The dissociation of the nuclear cap, 
accordingly, becomes the key reaction that starts the whole process and marks 
the beginning of germination. How much it antedates cilia divestment is not 
known, but it is entirely possible that it is incipient dissolution of the nuclear 
cap that causes the zygote to come to rest in the first place. After the zygote 
has lost its cilia and after the nuclei have taken a central position in the cell, 
gross dissociation is exhibited by the nuclear cap and it breaks down com- 
pletely. During this process and for a short time thereafter the zygote swells. 
Finally, after these internal adjustments have been made, the germ-tubes 
appear. Germination in. Allomyces accordingly implies considerably more 
than the simple extension of germ-tubes. 


THE PROCESS OF GERMINATION 


(cilia are cast) 


amoeboids come (Pee fall away ee 
* to rest. the membrane. 
Incipient gosto) ? (ee neon 4 ( gross ee aed =z, 88 
of the nuclear cap. the rhizoplast. of the nuclear cap. 


[aera some ate —— (zygote swells.) —-> (germ-tubes appear) 


(chondriosomes). 

While the actual existence of any such chain reaction is largely hypothetical 
there is good reason to believe that cilia divestment is definitely associated 
with the process of germination. Negative evidence, i.e. the fact that loss of 
cilia cannot apparently be correlated with loss of cilial function, suggests that 
germination might effect divestment. Positive evidence of a correlation 
between cilia divestment and germination is suggested by the germination of 
parthenogenetic gametes, for these gametes regularly discard their cilia. Since 
no normal gamete ever casts its cilium, and since the only activity experienced 
by the parthenogenetic gametes that is not shared by the normal gametes is 
germination, it would appear that it is germination alone that effects cilial 
divestment. While this relationship between germination and the sloughing 
of the cilia cannot be demonstrated so sharply in the case of the zygote, 
because there are no non-germinating controls, it does apparently exist, for the 
actual casting of cilia is regularly postponed until the amoeboid zygote has 
rounded up and germination is imminent. 

After zygote germination there is nothing further to record of the nuclear 
cap, the structure which appeared in the gametes at gametogenesis as the 
result of a concerted aggregation and coalescence of chrondriosomes, that 
underwent no detectable change during the swarming of the gametes, that 
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played an entirely passive role during conjugation, that was distorted by, but 
apparently initiated none of, the displacements effected in the plano- or 
amoeboid zygote. In the gamete, and in the zygote up to the time it settles 
down, the nuclear cap apparently has no function. From the minute, how- 
ever, that the nuclear cap begins to break up it apparently dominates both 
the physiological and morphological activities of the cell: physiological, be- 
cause the return of the chondriosomes to cytoplasmic circulation, implied 
in their break-up, gives every evidence of initiating a cytoplasmic rejuve- 
nescence; morphological, because it results in the formation of germ-tubes, 
ultimately, a mycelium. 


VI. ZYGOTE GERMINATION AND MEIOSIS 


At germination the zygote experiences two critical nuclear divisions which 
are of importance in a correct interpretation of the life-cycle of this fungus. 
Is this the point at which chromosomal reduction occurs? To investigate this 
matter a technique had to be devised (p. 585) whereby a great many zygotes 
could be obtained in the proper stage of development, 1.e. at the stage 
when the body of the zygote first begins to bulge apically in anticipation of 
the extension of the hyphal germ-tube. 

Our first concern in this study is with the chromosome number of the fusion 
nucleus. This, fortunately, is already known, for in an earlier study (Hatch, 
1935) it was discovered that the chromosome number of gamete nuclei is six. 
With each gamete contributing six the chromosome number in the fusion 
nucleus of the zygote must be twelve. Since chromosome counts can most 
easily and convincingly be made at metaphase, a careful analysis of a series 
of metaphase figures has been made. 

In the two nuclear divisions associated with zygote germination the ortenta- 
tion of the spindle seems to be a casual matter, for it may lie parallel, oblique, 
or perpendicular to the long axis of the zygote. The spindle is intranuclear 
(PI. XXII, Figs. 49-53). Outside this spindle, but still within the nuclear 
membrane, there is a nucleolus—sometimes there are two. In definitely 
placing the nucleolus outside the spindle I am not unmindful of the fact that 
in Pl. XXII, Fig. 48, an oblique polar view, the nucleolus appears to lie in the 
centre of the metaphase plate. ‘This is, I believe, an optical illusion, since the 
nucleolus actually lies on the far side of the spindle; it appears within the 
spindle simply because the spindle has so little depth. In all the other zygotes 
figured (Pl. XXII, Figs. 49-53) and all other zygotes studied, the nucleolus 
clearly lies outside the spindle. Quite occasionally the nucleolus or nucleoli 
are set in little pouches in the nuclear membrane. ‘The nucleolus persists 
through the metaphase and on into the anaphase. 

The chromosomes themselves are remarkable structures, for despite their 
size (the largest and longest cannot be over 1 pt in length) they show a dis- 
tinct individuality (PI. NXII, Figs. 48-50, 52, and 53). ‘he haploid number 
is six. Of these one is small, one is of medium size, and four are of a larger size. 
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But even among these four chromosomes, differences in size and possibly in 
shape can be seen. The fact that these individual differences are visible not 
only in this first division but also in the next and in all subsequent divisions 
inspires confidence in the chromosome counts. 

With this background it is now possible to consider the disposition of the 
chromosomes in the important first division of the fusion nucleus. On the 
metaphase plate the twelve chromosomes become arranged in six pairs, which 
pairs appear to be homologous because the small chromosome pairs with the 
small chromosome, the medium sized with the medium sized, and the large 
chromosomes with the large chromosomes. This arrangement can be made 
out very clearly in a polar view of early metaphase chromosomes (Pl. XXII, 
Fig. 48, an oblique polar view). During metaphase the two homologous 
chromosomes in each of the six pairs separate and move towards opposite 
poles—six to a pole (Pl. XXII, Fig. 49, a side view of the metaphase plate). 
A reduction in chromosome number is obviously accomplished in this 
division. We can accordingly consider this the first meiotic division. 

Characteristic features of the second meiotic division are that it follows 
quickly after the first, that the nuclei often divide simultaneously (Pl. XXII, 
Figs. 50-2), and that the chromosomes, i.e. the post-metaphase chromosomes, 
are Clearly smaller than the chromosomes at a like stage in the first division 
(PI. XXII, Figs. 50, 52, and 53, vs. 49). 

The fact that the second meiotic division follows quickly upon the first is 
attested by the fact that the four-nucleate condition is almost always attained 
before the hyphal germ-tube has made any appreciable growth (Text-figs. 
7 and 8). The zygote in Pl. XXII, Fig. 53, is an extreme case, for it is very 
rare indeed for the hyphal germ-tube to reach the proportions it has achieved 
in this zygote before the meiotic divisions have been completed. The fact 
that these second nuclear divisions should follow so quickly upon the first is 
rather remarkable, for after the first division there has been no great increase 
in the volume of the cytoplasm, only in that of the nuclei, and this condition 
would be against further nuclear division if division were simply a response 
to an unfavourable nuclear-cytoplasmic balance. Something else must effect 
it, and a meiotic mechanism involving two quick divisions meets the require- 
ment very satisfactorily. 

In Pl. XXII, Figs. 50-2, the division of the two daughter nuclei has been 
simultaneous. In Pl. XXII, Fig. 50, both nuclei could be drawn. In PL. XXII, 
Fig. 51, neither could be drawn well because one was superimposed on the 
other. In Pl. XXII, Fig. 52, only one was drawn. This second meiotic division, 
however, may not always be simultaneous (Pl. XXII, Fig. 53). The division 
of the second nucleus, however, is never long delayed, for the four-nucleate 
stage is always achieved before the hyphal germ-tube has developed much 
beyond the stage noted in Pl. XXII, Fig. 53. The fact that the second meiotic 
divisions should either be simultaneous or follow so quickly on the other may not 
seem remarkable or even unusual. It is, however, only here in the zygote that 
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anything like a simultaneous division of all the nuclei in a cell can be really 
said to occur. In the hyphae, in resting sporangia, and in the gametangia, 
two, three, or even four nuclei may be in division at the same time, but in 
these cases there may be thirty, forty, or even seventy other nuclei in the 
segment or cell that are not dividing. 

The size of the chromosomes in the second meiotic division is a noteworthy 
feature of that division. If the chromosomes in Pl. XXII, Figs. 50, 52, and 53, 
particularly those in Pl. XXII, Figs. 52 and 53, are compared with those in 
Pl. XXII, Fig. 49, it is apparent that the chromosomes of the second are 
smaller than those of the first division. The discrepancy in size is very clear in 
the material itself, but in drawing objects as small as these chromosomes it is 
difficult to maintain the proper proportions. Hence the distinction, while 
apparent, is not as clear in the drawings as in reality. The significance of 
this difference in size, if we are justified in attaching any significance to it, is 
that the anaphase chromosomes of the second division are monads having but 
a single chromatid, while those of the first division are dyads each bearing 
two chromatids. 

To complete the study of meiosis in Allomyces arbuscula, the fate of the four 
nuclei produced by these two divisions has to be considered. By following 
the course of zygote germination through to the six-nucleate stage it can be 
demonstrated that two of these nuclei degenerate. In the four-nucleate 
zygote of Text-fig. 7 the nuclei are of approximately the same size. In the 
next zygote, slightly more advanced in germination (Text-fig. 8), there are 
also four nuclei, but two of these, namely those in the base of the hyphal germ- 
tube, are somewhat smaller than the two in the base of the zygote. In older 
zygotes (Text-figs. g and 10) two of the four nuclei in each case are clearly 
smaller than the other two. These smaller nuclei, to judge from the size of 
the two smaller nuclei in Text-fig. 8, have apparently suffered a slight but 
appreciable loss in volume. In five-nucleate zygotes (‘Text-figs. 11 and 12) a 
further diminution in size can be seen in the pair of small nuclei. That this 
progressive diminution is but incipient degeneration is apparent when still 
older zygotes are studied, for in them the collapse of the nuclear membranes 
occurs and the final elimination of these nuclei is brought about. A case in 
point is shown in Text-fig. 13, a six-nucleate zygote. The nuclear membranes 
have broken down, the chromatin is dispersed, and were it not for the nucleoli, 
the fate of these nuclei would have been difficult to determine. 

That two of the four original nuclei degenerate is interesting, but what 
makes it significant is the fact that these two nuclei are apparently sister nuclei. 
The evidence for this is threefold. 

1. The position of the degenerating nuclei. If in the four-nucleate stage 
it could be shown that the two nuclei destined to degenerate were always 
found in the base of the zygote or in the tip or in any fixed position, 1t would 
be permissible to conclude that the difference between the two nuclei that 
degenerate and the two that survive was the position they held in the zygote. 
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That this is not the case is clear from a study of the four-nucleate zygotes 
(Text-figs. 7-10), for here the degenerating nuclei may as often be found in 
the dense cytoplasm towards the tip as in the vacuolate cytoplasm toward the 
base or in any intermediate region. If the difference between the two pairs of 
nuclei does not seem to be due to their position in the zygote, which implies 
differences in concentration and possibly differences in the quality of the 
cytoplasm, the logical deduction is that the difference betweeh the two pairs 
of nuclei must lie in the nuclei themselves. — 

Considering next the intimate association of the two degenerating nuclei, 
another consideration suggests itself, namely, that their association may not 
be casual but may actually be related to the fact that they have always been 
intimately associated, as sister nuclei. 

2. The size of the degenerating nuclei. Beginning - with the zygote of Text- 
fig. 8 and following through the series to Text-fig. 12, the areas of the paired 
degenerating nuclei were measured with a planimeter from camera lucida 
drawings. In this study a great many more zygotes were drawn and a great 
many more degenerating nuclei were measured than are represented a these 
figures. The results of these measurements showed t n their cross- 
sectional areas these paired nuclei were practically ident: his also sug- 
gests that these nuclei have a common inheritance. 

3. The binucleolate condition of the degenerating nuclei in Text-fig. 11. 
This, I think, is the most conclusive evidence that these are sister nuclei. 
The other three nuclei in this zygote have but a single nucleolus. 

Considered separately, none of these characteristics of the degenerating 
nuclei, either their intimate association, or their similar size, or their occasional 
binucleolate condition could be considered as anything like conclusive proof 
that the pair of degenerating nuclei are sister nuclei, but taken together the 
evidence is more impressive. 

To the mycologist, concerned primarily with the life-cycle of Allomyces 
arbuscula, the significant fact in this account of meiosis is that the reduction 
division is located in the germinating zygote. To the cytologist, however, the 
attendant phenomena are quite as interesting, for they show that meiosis 
follows the same pattern here in the Phycomycetes as it does among the 
higher plants. The nuclei examined in this study are small and the chromo- 
somes very small indeed, but the germinating zygotes are not as unfavourable 
material to work with as might be expected. There are certain advantages in 
diminutive nuclei that may very nearly outweigh their disadvantages. For 
instance, whole mounts can be used, and with complete zygotes it is possible 
to determine what is occurring in all parts of the cell at a given time. 


ne gametes. VII. SumMary 


lhe gametes are spherical to subglobose, uniciliate, uninucleate cells. 


2. ‘The female is 11 » in diameter, its nucleus is 3-6 4 in diameter, and its 
colour is grey. 
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3. The male is 8 » in diameter, its nucleus is 2-3 » in diameter, and its 
colour is orange. 

4. The motor apparatus of these gametes consists of a cilium, a rhizoplast 
connecting cilium and nucleus, and an intranuclear extension of the rhizo- 
plast anchored to the nucleolus. The rhizoplast holds the nucleus close to the 
gamete membrane, and the intranuclear rhizoplast extension draws the 
nucleolus out into a beak. . 

5. Investing the nucleus closely is a nuclear cap, a bulky cytoplasmic 
structure of chondriosomal origin. 

6. The lipoid granules, small spherical cytoplasmic inclusions, are the 
carriers of the pigment that distinguishes the male and female gamete. 


Conjugation. 

1. The propinquity of male and female gamete is apparently achieved by 
chance, there being no long-range sexual attraction. 

2. When both gametes are less than fifteen minutes old conjugation is 
rapid. When either is older conjugation becomes more and more protracted, 
finally ceasing at an age of approximately thirty minutes. 

3. In conjugation the ciliated ends of the gametes must first be brought in 
opposition. This is accomplished by amoeboid movements on the part of the 
conjugants. 

4. After this precise positional adjustment has been made the appressed 
membranes break down near the point of cilial insertion, forming a pore-like 
connexion between the two cells. 

5. As the floor of this pore is depressed downward by a rush of cytoplasm, 
the male and female nuclei, which are suspended from the roof of the pore by 
their rhizoplasts, swing closer together. 

6. As the nuclei approach each other the nuclear caps are brought in con- 
tact and thereupon fuse. 

7. About the centrally disposed nuclei and their common nuclear cap the 
zygote is organized. 

8. Nuclear fusion does not normally occur at this time, being delayed until 
zygote germination. 

g. The abrupt mingling of cytoplasms incident to conjugation results in 
intense amoeboid activity of the zygote. 

10. After some minutes of this activity the zygote rounds off and swims 
away with great vigour. 


Zygote germination. 


1. The extension of germ-tubes by the zygote is anticipated and conditioned 
by the dissociation of the nuclear cap. The fundamental adjustment in 
germination is thus made by a cytoplasmic structure of chondriosomal origin. 

2, The first germ-tube gives rise to a tapering rhizoidal system. Only after 
this has become rather extensive does the hyphal germ-tube appear. 
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3. The important nuclear divisions associated with zygote germination are 
instituted when the zygote begins to bulge apically in the extension of this 
hyphal germ-tube. 


Zygote germination and meiosis. 

1. First meiotic division. In the division of the fusion nucleus the chromo- 
some number is reduced from twelve to six. 

2. Second meiotic division. In the divisions of the daughter nuclei the six 
chromosomes are split equationally, six chromosomes going into each of the 
four resulting nuclei. a. These divisions follow quickly upon the first. 
6. They are often simultaneous, always close. c. The anaphase chromosomes 
are smaller than those at a similar stage in the first division and are roughly 
one half their size. d. Of the four nuclei resulting from these divisions, two 
degenerate. These degenerating nuclei appear to be sister nuclei. 
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EXPLANATION OF PLATES XVIII-XXII 


Ilustrating Dr. Hatch’s paper on ‘Conjugation and Zygote Germination in Allomyces arbuscula’. 


Figs. 1-7, 12-15 fixed in a modified Schaudinn’s fluid (3 strength) + 2 per cent. acetic acid, 
stained with iron-alum haematoxylin. 

Figs. 16-27 fixed in a modified Schaudinn’s fluid (+ strength)+2 per cent. acetic acid, 
stained with iron-alum haematoxylin. 

Figs. 28-53, fixed in 4 per cent. solution of mercuric chloride+2 per cent. acetic acid, 
stained with iron-alum haematoxylin. 


PLATE XVIII 
Figs. 1-15. The Gametes. x 2,100. 


Fig. 1. A female gamete. 

Fig. 2. A male gamete. 

Fig. 3. An amoeboid female gamete. 

Fig. 4. An amoeboid male gamete. 

Fig. 5. A biciliate female gamete. 

Fig. 6. A bicilate male gamete. 

Fig. 7. A female gamete showing the motor apparatus rather clearly. 
Fig. 8. A female gamete vitally stained with Janus green. 


Fig. 9. A male gamete fixed and stained by the Champy-Kull technique. 

Fig. 10. A female gamete fixed and stained by the Meves technique. 

Fig. 11. A female gamete fixed and stained by Cramer’s osmic vapour method. 
Figs. 12-15. Amoeboid female gametes, 


c.= cilium; I.R.E.= intranuclear rhizoplast extension; L.c.= lipoid granule: N.= nucleus: 
NO.= nucleolus; N.c.= nuclear cap; R.= rhizoplast. 
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PLATE XIX 
Figs. 16-21. Conjugation. X 2,275. 


Fig. 16. A male and a female gamete. Note the proportionate sizes of the gametes, their 
nuclear caps, and their nuclei. The cilia twisted about each other and extending towards the 
top of the page can be seen with difficulty. 1 

Fig. 17. Conjugants just after the initial collapse of the membranes. Male and female 
gametes are now joined by a cytoplasmic bridge between the ciliated ends of the cells. The 
point of cilia insertion can be determined by noting the-position of the nuclei and particularly 
the position of the nucleoli. In the female (below) the nucleus and its nucleolus can both be 
made out without difficulty. In the male the outline of the nucleus is indistinct but the 
nucleolus can be seen quite clearly. 

Fig. 18. Conjugants in which the connexion between the gametes has broadened permitting 
the two nuclei to swing together (male, left; female, right). 

Fig. 19. Conjugants in which the male member, left, is larger than the female, right. The 
female must have emptied some of its bulk into the male. 

Fig. 20. Conjugants in which the nuclei have been drawn closer together and the nuclear 
caps have begun to coalesce where their contiguous arms have come in contact. 

Fig. 21. The planozygote. The nuclear caps have now fused and the zygote has rounded 
up, but the nuclei, despite their intimate association, still remain unfused. 


PLATE XX 
Conjugation. X 2,625. 


Figs. 23, 24, and 27 are drawn from the same conjugants photographed in Pl. XIX, Figs. 17, 
18, 21 respectively. 


Fig. 22. Male gamete crawling over a female. 

Fig. 23. Conjugants just after the initial collapse of the membranes, as in Fig. 17. 

Fig. 24. Conjugants in which the connexion between the gametes has broadened permitting 
the two nuclei to swing together, as in Fig. 18. 

Fig. 25. Conjugants in a stage very similar to that of Fig. 19. 

Fig. 26. A stage very like that shown in Fig. 20, except that the nuclear caps here have 
fused over a broader area. 

Fig. 27. The planozygote, as in Fig. 21. 


PLATE XXI 
Figs. 28-36. Germination. X 2,275. 


Fig. 28. A zygote in which the dissociation of the nuclear cap has begun but is not far 
advanced. The nuclei, of necessity out of focus, are separated by the bulk of the nuclear cap, 
male above, female lower left. 

Fig. 29. A stage in the dissociation of the nuclear cap. The propinquity of the nuclei is 
probably an inherited condition and does not represent progress toward an eventual nuclear 
fusion. 

Fig. 30. A zygote in which the dissociation of the nuclear cap is complete enough for male 
and female nucleus to have come in contact. The comparative size of the nuclei and their 
nucleoli can be seen. 

Fig. 31. A zygote in which the dissociation of the nuclear cap is nearly complete and in 
which nuclear fusion is in progress. 

Fig. 32. Dissociation complete, nuclei so recently fused that the membrane has not yet 
rounded up and the male and female nucleoli have not yet fused. 

Fig. 33. A zygote in which the chromatic material of the nuclear cap is further diffused and 
in which the nucleoli of the fusion nucleus have fused. The zygote has germinated (the narrow 
germ-tube can be vaguely seen in the lower left-hand corner). 

Fig. 34. A germinated zygote in which the proportions of the fusion nucleus and nucleolus 


are fairly represented. 
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Fig. 35. A zygote in that stage of development at which the fusion nucleus divides. This is 
‘actually ametaphase figure. The persistent nucleolus can be easily seen but not enough chromo- 
somes can be brought into the same focus to demonstrate their alinement on the spindle. ‘ 

Fig. 36. A zygote in which germination has occurred (the germ-tube, very indistinct, lies 
between the gametes in the lower left-hand corner), but in which male and female nuclei have 
not yet fused. 


PLATE XXII 
Figs. 37-47. Germination. X 2,100. 


Fig. 37. A typical amoeboid with two intact cilia. 

Fig. 38. An amoeboid zygote in which an amoeboid process has carried away the cilium 
that was attached to the female nucleus. 

Fig. 39. An amoeboid gamete in which the connexion between the female nucleus and its 
cilium has been broken and the cilium sloughed off. The female nucleus in consequence has 
fallen away from the zygote membrane. 

Fig. 40. A zygote that has come to rest, rounded up, and cast both of its cilia. 

Fig. 41. A zygote in which the dissociation of the nuclear cap has clearly begun. 

Fig. 42. A stage in the further dissociation of the nuclear cap. 

Fig. 43. A zygote in which the dissociation of the nuclear cap is nearly complete and in 
which nuclear fusion is in progress. 

Fig. 44. Zygote with a fusion nucleus in which the male and female nucleoli have not yet 
fused and in which a distinction can still be seen between the chromatic reticulum abutting on 
the male and female nucleolus. 

Fig. 45. A germinated zygote in which the male and female nucleoli have fused. 

Fig. 45. A planozygote in the formation of which an ordinary uniciliate male gamete fused 
with an extraordinary biciliate female. While the nucleolus of the male nucleus is drawn out 
into a single beak by reason of its connexion with a single cilium, that of the female is twice 
peaked because of its connexions with two cilia. 

Fig. 47. A planogamete like the above only in this case there has been a precocious fusion 
of the male and female nuclei. 


Figs. 48-53. Meiosis. xX 2,625. 

Fig. 48. The first division; an oblique polar view of the metaphase plate, homologous 
chromosomes in pairs. The nucleolus, apparently central, probably lies in actuality on the far 
side of the spindle. 

Fig. 49. The first division; a side view of the metaphase plate showing the actual separation 
of the homologous chromosomes. The nucleolus is visible behind the chromosomes. 

Fig. 50. The second division, simultaneous in both nuclei. Note how variable is the posi- 
tion of the nucleolus. 

Fig. 51. The second division, also simultaneous in both nuclei, only in this case the two 
spindles are superimposed the one upon the other. One spindle is drawn in ink, the other in 
pencil. The pencilled nucleus has two nucleoli, one set in a pocket. 

Fig. 52. Second division, also simultaneous. To avoid confusion the chromosomes are 
drawn in only one nucleus. : 

Fig. 53. A second division that is not simultaneous. Inset is a drawing of the same 
nucleus figured in the zygote itself only at a slightly different focus. 

A comparison of the chromosomes in the first division (Figs. 48 and 49) with those in the 
second division (Figs. 50-3) indicates that the chromosomes in the second division are 
smaller than, possibly one-half as large as, the chromosomes in the first division. 
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Differential Reactivity of the Chromosomes 


BY 
C. D. DARLINGTON 
AND 
L. LA COUR 


(Fohn Innes Horticultural Institution, Merton) 


With Plates XXIII and XXIV and eight Figures in the Text 


1. THE PROBLEM 


12 recent years the application of a variety of new methods of experimental 
treatment and fixation has enabled us—although perhaps not to the satis- 
faction of all—(cf. Addendum, p. 624), to disentangle fact from fiction in the 
story of the mitotic cycle. It has also revealed several kinds of heterogeneity 
between different parts of the same chromosome, heterogeneity which is to 
be related to differences sometimes of genetical function and sometimes of 
mechanical function. We are concerned in the following account with apply- 
ing new methods of pre-treatment and fixation to the attack on these problems. 


2. FIXATION AND STRUCTURE 


The study of the internal structure of mitotic chromosomes has been largely 
carried out with root-tips embedded after fixation and prepared in sections. 
The method of staining (with haematoxylin or gentian violet) is not of 
primary importance in regard to the structure seen with this method. The 
structure depends almost entirely on the fixative. The question then arises 
as to whether any internal structure observed by these methods at metaphase 
or anaphase has any relation to the structure which is inherent in the develop- 
mental changes of the living chromosome; whether, in fact, the artefacts 
seen are significant and specific or merely irrelevant. This question may 
be answered by the following comparative tests. 

In root-tips fixed with medium Flemming solution and stained with 
gentian violet the chromatids are optically homogeneous under correct 
illumination. If examined or photographed out of focus or with infra-red 
light to which the microscope is not adjusted, a single or double light-band 
runs down the middle of the chromatid (Pl. XXIII, Fig. 3). The same effect 
may often be obtained when a fixation in non-acetic Flemming gives the 
appearance of a hollow tube to the chromosome, which then in optical section 
seems to consist of two parallel threads. These threads may even seem to 
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cross over one another at secondary constrictions (PI. XXIV, Fig. 13). These 
are the first types of artefact or optifact and they have frequently been 
illustrated (cf. Darlington, 1935). A second and more widely discussed arte- 
fact is the one that has been variously interpreted as due either to two threads 
coiling round one another inside a cylindrical matrix of which the chromatid 
is largely composed, or to mere vacuolation of the chromatid, that is, to the 
formation of bubbles of differential refractivity. This type of artefact can be 
produced in its clearest form by fixation with acetic alcohol. It is then found 
that the bubbles are sometimes fairly regular, that is, of equal size and at 
equal distances apart in the middle of the chromatid. More usually, however 
(and in the same preparations), the vacuoles are of unequal sizes and irregu- 
larly spaced (cf. Pl. XXIII, Fig. 1). Similar results are sometimes given by 
medium Flemming (PI. XXIV, Figs. 14, 15). When metaphase chromosomes 
are compared in different species, we find that the size and arrangement of the 
vacuoles depend on the diameter of the rod under consideration (cf. Text- 
figs. 1 and 2) and cannot therefore be taken seriously as evidence of the 
living structure. Moreover, they are inconsistent within the same chromo- 
some and inconsistent therefore with any regular interpretation of the struc- 
ture. Such fixations indeed show that the vacuoles can be interpreted only 
as irrelevant artefacts. 

We quote these examples (which might be multiplied with the use of 
different methods) merely to show the difficulties which arise from the long- 
established procedure which leads to the paraffin block and the microtome. 

Different results, however, are obtained when we use special tissues and 
special methods of fixation and pre-treatment chosen for the rapidity and 
uniformity of their action. There is no mitotic cell in the higher plants more 
readily fixed than the generative cell in the rapidly growing pollen tube. 
Fixed with simple acetocarmine it shows the same spiral structure that has 
been revealed experimentally by Kuwada and others at meiosis. Further- 
more, these spirals can be counted, and they can be seen to have uncoiled 
at telophase in the same way as they do in experiment when the pH of the 
medium is changed (Upcott, 1936). 

At telophase in root-tip smears the slight uncoiling of the internal spirals 
can be recognized as in the pollen tube. When, however, a nucleus is opened 
out in smearing, the coils are stretched and their structure becomes clearer, 
very much as in pre-treated meiotic metaphases. It is then seen that the 
spirals pulled apart in this way are about half the thickness of the anaphase 
chromatid, and further that they give indications of containing within them- 
selves a further minor spiral like that found in meiosis (Pl. XXIV, Figs. 16-18). 
Further study must be devoted to examining this fundamental property. 

These observations show that the secret of determining internal structure 
is the rapid fixation of cells whose walls have been removed by special treat- 
ment and without the processes of hardening and embedding which lead to 
the variable coagulation of living structures. 
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To test these methods we have taken root-tips of a plant of Paris polyphylla 
L. (obtained from the Edinburgh Botanic Garden, and corresponding with 
the illustration in Pflanzenfamilien, ii. v, Fig. 83) and prepared them for 
comparison with different fixatives, some for embedding and cutting as 
sections and some as smears. 


1 


TEXT-FIG. 1. Metaphase (A and B) and anaphase (c and D) chromosomes in Hyacinthus 
orientalis. Smear, fixed in acetic alcohol. Photograph, Pl. XXIII, Fig. 1. ( 2,700.) 

Text-Fic. 2. Anaphase in Trillium sessile. Smear, fixed in medium Flemming. Photograph, 
Pl. XXIV, Fig. 15. (x 1,800.) 


3. THE SPECIAL SEGMENTS IN Paris 


An ordinary permanent fixation in 2 BE (La Cour, 1937) gives the result 
illustrated in Text-fig. 3. It shows three pairs of chromosomes with sub- 
median centromeres and two pairs with subterminal centromeres. There is 
in addition one extra fragment chromosome. The five distinct pairs can be 
made out, although the distinction between a, B, and C is not very sharp. The 
B type varies in showing a secondary constriction and a trabant. 

Four preparations! made from two fixations on the same day in March 1937 
showed a characteristic differential reaction not previously observed in 
chromosomes. These preparations were pre-treated with nitric acid vapour 
and fixed with non-acetic Flemming and stained by the Feulgen smear 
method described in the appendix. It must be clearly understood, however, 
that although the same method used on other occasions later in the year has 


1 For two of these we are indebted to Dr. L. Husted of the University of Virginia, who 
was working at the time in this laboratory. 
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given similar results, it has not given the completely constant and sharply 
differential behaviour to be described from these four preparations. It seems, 
therefore, that the condition of the plant, possibly depending on temperature, 
is concerned with the reaction. Fixations giving incomplete differentiation 


TEXT-FIG. 3. Metaphase in Paris polyphylla, 2n = 10+ f, 

section, fixed in 2 BE, after pre-treatment with sugar solu- 

tion; stained with gentian violet. (x 1,800.) 
show in the minimum effect merely a narrower chromatid in the special 
segments ; in an intermediate effect, lower staining, secondary constrictions, 
and less regular outline. It should be noticed that with a vacuolar fixation 
the vacuoles do not show in the narrower special segments. Later we shall 
consider these intermediate fixations. 

The differential reaction consists in particular and constant parts of each 
chromosome being coiled ina finer thread of smaller diameter than the rest of 
the thread. Successive coils remain the same distance apart. In consequence 
of this the number of coils in these special or differentially reactive regions 
can usually be counted when they are undamaged in smearing (cf. diagram, 
Text-fig. 8). Possibly on account of the reduced thickness of the chromosome 
thread it is less deeply stained. The relationship of the thin thread segments 
to the rest of the chromosome is very much like that of a meiotic chromosome 
which has been contracted to show its major spirals with nitric acid vapour 
to a normally fixed chromosome. In Paris the difference is a difference in 
the reaction of different parts of the same chromosome to the same treatment. 

The differential segments being of characteristic length for each chromo- 
some arm enable us to distinguish each chromosome type in every cell (Text- 
figs. 4, 6, and 7). We can then say that the lengths of the differential reactive 
segments are the same when showing their special reaction as in other prepara- 
tions similarly treated when not showing it (Text-fig. 5). The lengths of the 
special segments vary from a fraction of a coil to a maximum of eight coils 
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‘TEXT-FIG. 4. Metaphase chromosomes of P. polyphylla, showing differential regions after 
pre-treatment with sugar solution and nitric acid vapour, non-acetic Flemming fixation and 
Feulgen staining. Photograph, Pl. XXIII, Fig. 9. (x 1,800.) 
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TEXT-FIG. 5. The same material and treatment as Text-fig. 4, but from a later preparation 
not showing constant differential regions. Photograph, Pl. XXIII, Fig. 6. (x 1,800.) 
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(in the long arms of B and pb), and this again agrees with the number of coils 
found in the entirely normal larger arm of the fragment, namely, six. That 
is, the number of coils is proportional to length both in normal and special 
segments and shows a width of coil of about 0-6 w or half the diameter of 


TExtT-FIG. 6. Anaphase from the same preparation as Text-fig. 4. 
Photograph, Pl. XXIII, Fig. 8. (x 1,800.) 
the chromatid. The same relationship was found in Tulipa and indicates 
a compact coil of circular cross-section. The coiling cannot be made out for 
a great enough length in the normal parts of the chromosome to determine 
their number accurately in an arm longer than that of the fragment. 

The variable appearance of a knob somewhat different from the ordinary 
trabant on the short arm of the B (also found in normal preparations) may be 
due to a very short differentially reactive region. 

Owing to the constancy of the special regions we can distinguish between 
the two homologous chromosomes of the c type. C, has lost the end of the 
longer arm found in c, and with it the special segment. Whether the origin 
of the fragment is connected with this change we cannot tell. 

The special segments show their properties inside the prophase nucleus, 
although the smear method is not favourable to the study of this stage. 


They also maintain their properties with complete regularity at anaphase 
(Pls. XXIII and XXIV, Text-figs. 6 and 8) 


. 
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When we come to consider the positions of the special segments we see 
that they are confined to the ends of the chromosomes and, in fact, to the 
ends of those arms which are more than 12 » long. All arms longer than this 
have a special segment, none of those shorter have any. Moreover, although 


(¢) 70 20m 


TExT-FIG. 7. Diagram showing the approximate lengths of all the chromosomes of Paris 
polyphylla together with their differential regions and with the number of their coils. 
These are also shown in the fragment. The long arm of D has about 29 coils in its normal 
segment, making 37 in the whole arm. The centromere joining the two arms is indicated by 
a line on the left-hand side. The chromosomes are the same length when unstretched, whether 
they show the differential reactivity or not. 


all the long chromosomes have at least one special segment, the supernumerary 
short chromosome has none. The possibility of having a special segment 
or of showing a differential reaction, therefore, seems to depend on distance 
from the centromere. Again it does not depend on this alone but is specific 
to particular parts of the chromosome. 


4. THE CONDITIONS OF DIFFERENTIAL REACTIVITY 


Broadly two kinds of differential reactivity are known within the chromo- 
some thread, apart from the centromere itself. ‘The first is the kind described 
by Heitz as due to heterochromatin. It expresses itself probably in three 
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ways. First, by the special parts remaining contracted and deeply staining 
longer than the rest in a mitotic telophase. Secondly, by their remaining 
diffuse or unstained, as in the salivary glands of Drosophila. Thirdly, if this 
indeed be a related property, by a precocious condensation during prophase, 


Text-FIG. 8. Diagram showing the appearance of the same 
chromatid end with and without the differential reaction of the 
three distal coils. Cc, the centromere; D the differential region. 


especially of meiosis in animals. When the Y chromosome in Drosophila 
was found to have this property at the telephase of mitosis, it became evident 
that it was correlated with genetic inertness (Heitz, 1935). | 

Another kind of differential condensation which may be inherent in the 
living chromosomes or may be a fixation reaction is the precocious condensa- 
tion of the proximal parts of the chromosomes in Agapanthus, Zea Mays, 
and Fritillaria in the prophase of meiosis. This behaviour may be inherent 
in the particles concerned or it may depend on their position near the centro- 
mere. ‘The second possibility is more likely (Darlington, 1937). 

Naturally we want to know whether the behaviour of Paris has anything 
to do with these previously known types of reaction. The relationship with 
the centromere suggests an analogy with Agapanthus. The exact differentia- 
tion of two kinds of segment suggests an analogy with Drosophila. Why then 
should the differential regions be entirely in distal parts of the chromo- 
somes? We do not know, but since species of Paris previously studied have 
proximally localized chiasmata (cf. Darlington, 1937, p. 110) it is possible 
that these are segments which have become inert through lack of crossing- 
over in them. The loss of the differential region in c, would then become 
intelligible. 

Finally, the question arises as to why in most fixations the differential 
regions should be variable in appearance, while in a few they are constant. 
In the first place we must suppose that there is no difference in the behaviour 
of the normal and differential regions in the living chromosome. It seems 
possible then that the differential reaction is an all-or-nothing reaction and 
that under most conditions the chromosomes are very near to its threshold, 
some like the a’s in l'ext-fig. 5 being below while others like the c’s are above, 
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others again like the B’s being so close as to show the positions of the differen- 
tial regions by secondary constrictions. Such variations suggest that the 
character of the differential regions may differ in different chromosomes (as 
for example in the proportion of inert genes) although their differences are 
concealed in the fixations which give constant results. 

Further study by these methods should enable us to distinguish more 
exactly between the physiological. and mechanical aspects of differential 
reactivity indicated by our present observations. 


5. SUMMARY 


1. A variety of different structures may be inferred in the chromosome 
from the results of a variety of different treatments. The correct inference 
must therefore be that which is consistent in itself and consistent as between 
different organisms and successive stages. With special treatment the mitotic 
chromosomes can be uncoiled like the meiotic and show a similar simple 
spiral, possibly containing a minor spiral within it. 

2. Special treatment enables us in Paris polyphylla to detect a new and 
constant differential reactivity within the chromosomes. From one to eight 
distal coils of the longer chromosome arms are differentially contracted during 
mitosis. This artefact is specific for each chromosome type and is probably 
correlated with the genetic function of the differential regions. 


APPENDIX ON TECHNIQUE 
1. Pre-treatment. 


Root-tips were slit longitudinally at the apex with a sharp scalpel and wet 
in a 3 per cent. cane sugar solution. They were then held over a jar containing 
concentrated nitric acid for 10-45 seconds before placing in the fixing solution. 
This method was used before both the smearing and the embedding treat- 
ments. 


2. Fixatives. 
(1) Acetic Alcohol : 
3: absolute alcohol. 
1 : glacial acetic acid. 
(2) Medium Flemming : 
30:1 per cent. chromic acid. 
10: 2 per cent. osmic acid. 
25:5 per cent. acetic acid. 
(3) Non-acetic Flemming : 
As above without acetic acid. 
(4) La Cour’s 2 BE: 
io lad Courtg37. 
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3. Smear Technique (adapted from Heitz’s Nucleal-Quetschmethode, 1936). 

1. Fix (1 to 4). 

2. Hydrolyse in normal HCl at 60° C. 

after (1), 6 minutes. 
(2) and (4), 16 minutes. 
(3), 25 minutes. 
. Feulgen stain for 3 hours. 
. Macerate in 45 per cent. acetic. 
Mount under pressure. 
. Heat intermittently. 
Separate cover and slide in equal parts xylol, glacial acetic acid and 
absolute alcohol, and leave in mixture 5 minutes after separation. 

8. Xylol-absolute alcohol, equal parts : two changes. 

9. Xylol. 

10. Mount. 

N.B. Gentian violet or haematoxylin may be used in place of Feulgen with 
similar results, if followed by appropriate treatment. The smearing sometimes 
stretches the chromosomes and secondary constrictions then appear which 
would otherwise be invisible (a, Text-fig. 5; c, Text-fig. 6). 


NW AnNBW 


4. Sections (Paris polyphylla). 
Fixatives 3 and 4, sections 36 p thick, stained gentian violet. 


ADDENDUM 


A further discussion of the problems dealt with in the present article 
will be found in the following three articles under the title ‘Structure of 
Chromosomes’. Gates, R. R., 1937. Nature; r4o, 1013. Darlington, C. D., 
1938. Nature; r4r, 371. Gates, R. R. and Mensinkai, S.V., 1938. Nature; 
I41, 607. 
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EXPLANATION OF PLATES 


Illustrating Dr. Darlington’s and Mr. La Cour’s paper on ‘Differential Reactivity of the 
Chromosomes’. 


Plates XXIII and XXIV. Microphotographs, some of which represent cells illustrated in 
the text. 


PLATE XXIII. 


Fig. 1. Hyacinthus orientalis, root-tip smear (no pre-treatment), acetic alcohol fixation, 
Feulgen stain. Metaphase and anaphase. Vacuolar artefacts. Cf. Text-fig. 1. (x 1,600.) 

Fig. 2. The same, but with medium Flemming fixation, showing optically homogeneous 
structure. (X 1,600.) 

Figs. 3 and 4. Fritillaria ruthenica, meiosis in pollen mother-cells, aceto-carmine smear. 
Photographs with low aperture of illumination in focus (4) and out of focus (3) showing two 
kinds of optifacts. (x 1,600.) 

Fig. 5. Paris polyphylla, root-tip. Pre-treated smear, non-acetic Flemming fixation, Feul- 
gen stain. March preparation. Anaphase of mitosis showing differential regions. (x 1,000.) 

Fig. 6. The same at metaphase. Summer preparation, cf. Text-fig. 5. (X 1,300.) 

Figs. 7 and 8. The same at metaphase and anaphase. March preparations showing differential 
regions (Text-fig. 6). (X1,100.) 

Fig. 9. The same (Text-fig. 4). (x 1,300.) 


PLATE XXIV. 


Figs. 10 and 11. The same: anaphase X< 1,500. Metaphase, x 3,000. 

Figs. 12 and 13. Non-acetic Flemming fixation of the same plant, sections, stained with 
gentian violet. Differential regions variable. Granular and tubular artefact structure. 
(X 1,600.) 

Figs. 14 and 15. Trillium sessile: non-pre-treated smear fixed with medium Flemming, 
Feulgen stain. Vacuolar artefacts. ( X 1,600.) 

Figs. 16 and 17. Paris polyphylla, root tips. Sections fixed in non-acetic Flemming and 
stained in gentian violet, showing the development of relic spirals from internal spirals in 
telophase. ( 1,200.) 

Fig. 18. Smear preparation of the same stage, pre-treated, fixed in non-acetic Flemming, 
stained Feulgen. A torn nucleus exposing internal spirals. (x 1,500.) 
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Transpiration and Pressure Deficit 


V. The Direct Measurement of Transpiration under Pressure by 
a Weighing Method! 


BY 
F. M. HAINES, Ph.D. 


With five Figures in the Text 


INTRODUCTORY 


REVIOUS investigations by potometer methods (Haines, 1935, 19352), 

eosin methods (Haines, 1935, 1935a), and a thermopile method (Haines, 
1936) have shown that a pressure deficit applied to a cut branch by the 
pressure cylinder method brings about a considerable decrease in the rates 
of absorption and transpiration. The magnitudes of these effects for a wide 
range of pressure deficits produced in this way have also been determined. 
In all the experimental methods recorded so far, however, the changes in 
transpiration rate have been computed from other determinations owing to 
the difficulty of devising a satisfactory means of measuring transpiration in 
the cylinder directly by the amount of water vapour given off. Confirmation 
of the results by direct measurement of transpiration is therefore evidently 
desirable. Moreover, for the purpose of estimating the effects of similar 
deficits produced under natural conditions the experimental methods so far 
employed are inadequate in that they do not permit of any type of control 
experiment by which it can be determined in how far the effects produced by 
increase of pressure in the cylinder are due to the deficits as such (i.e. to 
the difference in pressure between the atmosphere at the leaf surface and the 
tracts inside the plant) and in how far to the actual increased pressure at the 
leaf surface per se, which alone would be expected to retard the diffusion of 
water vapour away from the leaf and so cause a reduction in the evaporation 
rate. In other words, it has not been possible to estimate the effect of moving 
all the pressure values up the scale as compared with those existing in natural 
circumstances. By the method utilized in the present series of experiments 
the transpiration rates are measured directly by weighing the water vapour 
given off and at the same time control experiments are possible under condi- 
tions of increased pressure at the leaf surfaces but with no deficit, the pres- 
sure in the tracts being similarly increased. It will be noted from what 
follows that the direct determinations of transpiration rates afford results 


’ From The Botanical Department, Queen Mary College, London. 
[Annals of Botany, N.S. Vol. II, No. 7, July 1938.] 
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which are in good agreement with those obtained by the earlier methods. of 
estimation, thus confirming the values of the effects of deficits produced by 
the pressure cylinder method as given in previous communications (loc. cit.). 
On the other hand, the newly devised control experiments have shown that 
some of the previous conclusions on the effects of similar deficits produced 
under natural conditions, where the deficits exist without any increased 
pressure at the leaf surfaces, must be considerably modified.! 


APPARATUS AND METHOD 


The general arrangement of the apparatus used in the present series of 
experiments is shown diagrammatically in Fig. 1. The general method of 
experiment will be described first and the details of the construction of 
certain components of the apparatus will be given later. 

The method depends upon passing dry air over the plant under pressure, 
collecting the water vapour given off in a drying tube, and weighing. A cut 
branch was enclosed in the cylinder, J (Fig. 1), with its butt end (except in 
control experiments) passing out through the base as in the earlier series 
(Haines, 1935, p. 224), the calcium chloride in the cylinder of course being 
omitted. To create a pressure deficit of any desired value air could be pumped 
into the cylinder by means of a compressor driven by a 2} h.p. electric motor. 
The ingoing air was dried under pressure by passing through a specially 
designed steel drying tube (Fig. 1, F) containing anhydrous calcium chloride. 
(The details of construction of this tube are given below, p. 631.) By control 
experiments with no plant in the cylinder the quantity of water vapour 
remaining in the air after passing over the drying agent in the steel drying 
tube at the speeds used was found to be negligible. To ensure complete 
scavenging of the transpired water vapour the experimental branch in the 
cylinder was placed under an inverted ‘collecting funnel’, 1, the upturned 
stem of which was connected with the outlet tube, m. The outgoing air (still 
under pressure) passed from the cylinder via the tube, Nn, to a specially con- 
structed outlet valve, 0, which allowed air to pass it only when a certain 
pressure was reached in the cylinder. The pressure maintained in the 
cylinder was thus decided by the setting of the valve. This could be regulated 
in two ways. It could either be set by varying the tension in an adjustable 
spring so that a constant pressure was maintained in the cylinder automati- 
cally, or be adjusted directly by hand independently of the spring control. 


" As already indicated (Haines, 1936, p. 21) it appeared from preliminary experiments 
with the method to be described that the effects obtained jn pressure cylinder experiments 
were not to any marked extent due to the increased pressure at the leaf surfaces as such, 
but were almost entirely due to the deficits this created when the tracts remained at atmo- 
spheric pressure. Further work has shown, however, that the results of these preliminary 
experiments were fallacious owing to too slow an air stream through the apparatus and the 
absence of the collecting funnel, 1. (Fig. 1), in the cylinder to ensure complete scavenging of 
the water vapour. The importance of these points was only recognized later as a result of a 
larger number of preliminary experiments. 
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In general, manual control was more satisfactory at the lower pressures and 
the automatic control at the high pressures and for longer experiments. In 
this way dried air could be passed over the plant at any desired pressure up 
to approximately 25 atmospheres, which was more than double that necessary 
to reverse the direction of conduction in any of the plants investigated. After 
leaving the outlet valve, the air, containing transpired water vapour and now 
at atmospheric pressure, was passed through a glass U-tube, rR, containing 
anhydrous calctum chloride, in which the transpired water was weighed in 
the usual way. By a special four-way tap, Q, having two opposite tangential 
cuts on a solid key and therefore capable of connecting adjacent pairs of 
leads in two different ways, the drying tube could be cut out of the circuit 
and by-passed through the tap or re-intercalated at will. Control experiments 
with further drying tubes showed, that with fresh charges of calcium chloride 
and the rates of air current used, over 98 per cent. of the total moisture was 
absorbed in the first tube. A single tube was therefore considered to give 
sufficiently accurate results for the present purposes. After passing through 
the drying tube the air was allowed to bubble through a very shallow layer 
of concentrated sulphuric acid in the bottle, T, which served to prevent 
leakage of atmospheric moisture back to the drying tube and could also be 
used (as will be described below) as an indicator of the speed of the air current. 

The method, it will be realized, depends upon the pressure-reducing action 
of the outlet valve, as a result of which, although the air may be circulated 
over the plant at considerably increased pressure, the transpired water vapour 
may be collected and weighed with normal apparatus at atmospheric pressure 
in the usual way. It possesses the great advantage that it readily allows of 
control experiments being performed with the plant entirely enclosed within 
the cylinder. With this method the butt end only need pass out through the 
base for the purpose of creating a deficit when required, this being no longer 
necessary for the purpose of making the measurement, as is the case with the 
eosin and potometer methods. By placing the cut end of the branch in a small 
beaker of water also enclosed entirely within the cylinder, the transpiration 
rate may be measured with any desired pressure at the leaf surfaces but with 
no pressure deficit, the pressure within the tracts being automatically increased 
to the same extent. Comparison of the results of such control experiments 
with those of experiments in which the butt passes through the base of the 
cylinder to create a deficit readily shows the extent of the effect of the deficit 
as such, independently of any direct effects of the increased pressure at the 
leaf surfaces. 


Details of the apparatus. 


The pressure cylinder. The details of the pressure cylinder itself have 
been given in an earlier paper (Haines, 1935, p. 219), the only additions for 
the present experiments being the inlet and outlet tubes, kK and M, and the 
collecting funnel, L (Fig. 1), within the cylinder to cause the outgoing air 
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to circulate more efficiently over the plant. The disposition and action of 
these will be sufficiently evident from the figure (Fig. 1). The tubes are of 
brass with an internal diameter of approximately } inch and are screwed into 
the base of the cylinder. The outlet tube, m, is connected to the collecting 
funnel, L, by a rubber connexion. The diameter of the mouth of the funnel 
is 10 cm. 

The drying tube. The steel drying tube for drying the ingoing air under 
pressure is specially constructed to allow rapid recharging with anhydrous 
calcium chloride and to withstand pressures up to 120 atmospheres, to which 
it might be exposed by inadvertent opening of the valves in the wrong 
sequence (especially when, as in the earlier experiments (1935-6), a high- 
pressure air cylinder is being used as a source of air supply instead of the 
compressor). ‘The details of construction are shown in Fig. 2. It consists 
in a cylindrical body, c, of steel tubing, } inch thick and with an internal 
diameter of 1 inch, and two ends, aa, of } inch steel plate held in position by 
four 4 inch steel tie-rods, BB, secured at one end by the nuts, FF, which are 
easily and rapidly removable by means of a tommy-bar. The ends, Aa, are 
recessed for the reception of the body to a depth of + inch, the recesses con- 
taining thin rubber washers, DppD. Immediately below and flush with each 
recess is a small rest, E, shaped above like the recess itself. On these rests the 
body remains supported when the ends are drawn apart to take out the body 
for recharging. The rests also save considerable time when replacing the body 
after charging. After refilling with calcium chloride a pad of cotton-wool 
and a gauze partition mounted on a collar fitting the tube are placed in each 
end of the body and the latter dropped upon the rests. The nuts are then 
tightened, pulling the ends home against the body to form an air-tight joint 
in the recesses. 

The outlet valve. The detailed construction of the outlet valve is given in 
Fig. 3. The valve consists of a solid steel block, aa, measuring 4} by 3? 
inches by 14 inches thick. The block is provided with two connexions, of 
which B serves as inlet from the pressure cylinder and C acts as outlet to the 
glass drying tube, R (Fig. 1). To pass from B to c the air has to pass upwards 
through a vertically drilled hole in the region, DD, acting as valve seating, 
and raise the valve, E. The valve, E, is made solid with a brass piston, F, 
accurately fitting a vertical cylindrical recess, G, in the centre of the block 
in which it can move up and down to open and close the valve. Since the 
pressure beyond the valve is scarcely above that of the atmosphere, this device 
effectively prevents any escape of air upwards past the valve gear, the piston, 
of course, being slightly lubricated to ensure a perfectly air-tight fit. The 
valve is also solid with the centre rod, H, terminating above in the knob, J. 
The pressure on the valve is applied through the crown of the piston via the 
case-hardened steel washer, K, to which in turn it may be applied either by 
the spring, L, acting through the ball thrust-race, M, for automatic control 
by a set tension in the spring, or by the long steel sleeve, NNN, which may 
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Diagrams of steel drying tube (F in Fig. 1) for drying air under pressure. End view on right. For explanation see text, p. 631. 


Fic. 2. 
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be screwed downwards through the large plug, 0, by the milled nut, s, for 
direct control by hand. For automatic control the spring, L, is compressed 
to the required tension by screwing the plug, 0, up or down in the block by 
rotating the milled head, p. When the correct setting has been found the 
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Fic. 3. Vertical sectional view of the outlet valve (0 in Fig. 1). For explanation see text, 
p. 631. 
plug, 0, is locked in position by the lock-nut, Q, which is fitted with a lateral 
lever for convenience in operation. The lower end of the plug, 0, is recessed 
to receive the upper end of the spring. For accurate setting the spring and 
plug must turn together without any tendency to wind up or unwind the 
spring ; hence the necessity for the ball-race at M. For manual control pressure 
is applied to the valve by screwing down the steel sleeve, NNN, by the milled 
head, s, the upper part of the sleeve being threaded through the plug, 0, 
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which by tightening Q is locked solid to the block. It is also necessary, how- 
ever, that an unscrewing motion of the milled head, s, should actively with- 
draw the valve and not merely leave it resting in its seat by its ewn weight, 
since the pressure required to lift it in this condition is very indefinite and 
varies, for instance, with the temperature and viscosity of the oil lubricating 
the piston. For this purpose when manual control is going to be used, R 
is first screwed down the central spindle, H, which can be held by the knob, J, 
to prevent it rotating until it is locked against the next milled head, s. This 
has the effect of drawing the valve and piston-crown and washer, kK, up tightly 
against the end of the sleeve, NNN, so that the valve, centre spindle, and sleeve 
and milled heads, R and s, are all locked solidly together. The valve can 
then be accurately set or varied to a nicety in either direction by the milled 
head, s, alone. Since the spring necessarily remains under some tension, this 
operation also necessitates the presence of the thrust-race, M, the spring 
not being free to turn. When it is required to maintain a definite constant 
setting, s may be locked in the required position by the lock-nut, T, which 
for convenience has a lateral lever extension and works against P in the same 
way as Q against the block. 


Experimental method. 


The details of procedure in an ordinary experiment are as follows. An 
experimental branch, previously allowed to attain saturation, is placed in 
the cylinder, the cylinder being closed with all the precautions already 
described (Haines, 1935, p. 224), and illuminated in the same way as in the 
earlier experiments (1935, p. 224). The drying tubes are charged with fresh 
calcium chloride, the tube, R (Fig. 1), is weighed together with the three-way 
tap, Q (Fig. 1), and reinserted in the circuit with the tap, Q, set in such a way 
that the tangential grooves in the solid key connect together the leads to the 
drying tube and simultaneously connect P directly with s. The outlet valve, 
o (Fig. 1), is opened wide by locking Pp by means of Q (Fig. 3), locking the 
sleeve, NNN, and centre spindle (as described above), and unscrewing the 
milled head, s, by several whole turns. Dry air is then passed through 
the apparatus at atmospheric pressure (ensured by the wide opening of the 
outlet valve) for one hour, it being shown by control experiments (cf. also 
Haines, 1935, p. 229) that the transpiration rate normally becomes constant 
(within 4 per cent.) under cylinder conditions in forty-five minutes. For this 
purpose the gas cylinder, p (Fig. 1), used as a reservoir, is pumped up from 
the compressor with the inlet valve at closed, the valve, B, is closed and 
the compressor stopped. The flow of air through the apparatus is then 
started by opening the inlet valve, H, and regulated by this latter valve 
(H) alone to a speed of 0-45 litre per minute (see below, pp. og-o1 1), and 
maintained at this rate for one hour. To keep up the necessary pressure 


in D, the valve, B, may be opened and the compressor run from time to time 
as required. 
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At the end of this time the drying tube, R, is put into the circuit by the 
three-way tap, Q, and the flow at atmospheric pressure continued in the same 
way for a further hour. The three-way tap is then turned to close the drying 
tube, and the latter, together with the tap, is detached and reweighed to find 
the gain due to water vapour transpired during the hour at atmospheric 
pressure. The drying tube and tap are then reconnected, the tube being 
allowed to remain out of the circuit. The milled head, s, of the outlet valve 
(Fig. 3) is then screwed down to the point at which it only just allows the same 
rate of flow, and the pressure in the pressure cylinder is gradually raised by 
opening the inlet valve, H. The pressure is allowed to rise at a rate of approxi- 
mately 2 atmospheres per minute until the desired pressure is attained. The 
outlet valve is then adjusted either directly by s (Fig. 3) or through the spring 
by P (according to the type of control it is proposed to use) to maintain the 
desired pressure in the cylinder, and the inlet valve, H, is adjusted to allow 
the correct rate of flow. The correct rate of flow is that which provides a 
scavenging effect equal to that at atmospheric pressure and will be discussed 
below (pp. 635-8). When the correct pressure and rate of flow have been 
attained the drying tube, R, is switched back into the circuit by the tap, Q 
(Fig. 1), and the water vapour transpired in one hour at the increased pressure 
is collected and determined in the same way as before. 


The speed of the air current. 


Inasmuch as the values actually required are the rates of evaporation under 
different pressures into still air, the speeds of the air current at all pressures 
are kept as low as is consistent with the removal of water at the same speed 
as it is evaporated, as low, that is, as is consistent with the prevention of 
any increase of humidity in the cylinder. ‘To this end the minimum speed 
at which no accumulation of water vapour takes place in the cylinder at 
atmospheric pressure is found by preliminary experiments, and from this 
result are calculated the rates which should provide equal scavenging effects 
at the higher pressures. In this way a series of speeds of air current is obtained 
for use at the different pressures, at which the rates of removal of moisture 
by the streams are always equal to the rates of evaporation. At the same 
time the currents are of such slowness that the special effects of moving 
air scarcely come into play and a close approximation is obtained to the 
values for still air. Actually, the very slight air movement is bringing about 
the same reduction in vapour pressure in the outer layers of the diffusion 
systems in the confined space in the cylinder as would be allowed by the 
increased freedom for diffusion from these layers in the open. Suppose, for 
example, that a certain evaporating surface in the open loses water at such a 
rate that the vapour pressure at a point, say, 1 cm. from the surface is kept up 
to a value, p, in spite of the free space for diffusion. If the surface be then 
enclosed (e.g. a bell-jar placed over it), further diffusion from the outer parts 
of the diffusion system is prevented, so the vapour pressure at the given 
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distance of 1 cm. from the surface is increased, to say, p’. Evidently, if a slow 
current of air be passed through the enclosure or bell-jar, then at a certain 
speed of this current vapour will be removed at just such a rate that the 
vapour pressure at the given distance of 1 cm. from the surface will be 
restored to the original value, p, and the rate of removal of vapour by the 
air stream will be the same as the rate of spontaneous diffusion into open 
air. This would be the minimum speed for the particular surface and en- 
closure in question at which the rate at which vapour was carried over would 
be equivalent to the rate of evaporation into still air in the open, and it is the 
rate required in the experiments. At speeds of air current higher than this 
critical speed the rate of carrying over of vapour by the current would still 
be equal to the rate of evaporation, but the rate of evaporation would be 
artificially increased by the air movement and therefore greater than that in 
the open in still air. At all speeds higher than the critical speed required, 
the humidity in the enclosure must remain constant for any given speed and 
decrease with increasing speeds of flow. At speeds below the critical speed, 
on the other hand, the humidity within the enclosure will increase: this 
provides the means of determining the required critical speed, since with 
too slow a current the increase of humidity leads to an increase in the rate 
at which vapour is carried over with time at a constant rate of ow. A very 
slight increase in rate of flow, moreover, brings about a disproportionate 
increase in the rate of carrying over of water vapour, since accumulated vapour 
is carried over in addition to that which is newly evaporated at the higher 
speed. These points are easily detected by preliminary experiments and the 
critical speed therefore easily determined. These preliminary experiments 
were performed on free water surfaces, and in the later experiments on leafy 
branches leaf areas were used giving approximately the same total evaporation 
rate as the standard water surface. The rates found can therefore be used 
both for experiments with water surfaces and with branches. A glass dish 
10 cm. in diameter and brim-full of water is placed under the collecting 
funnel in the cylinder and the rate at which vapour is carried over into the 
drying tube is followed up during successive periods at slightly different 
speeds of air current, the conditions being otherwise constant and the same as 
in the other experiments. With very slow air currents, e.g. o-1 litre per minute, 
vapour is carried over at a very low speed, €.g. O-r gm. per hour, rising to 
0-2 gm. per hour in the first two hours. Doubling the speed increases the 
value initially to 0-25 gm. per hour, but this rapidly falls off towards the 
original value. The same happens with all speeds (e.g. 0-18, 0-27, 0°35 litre 
per minute) up to 0-45 litre per minute. This appears to be the lowest speed 
at which there is no significant increase in the rate of collection of water 
vapour at constant speed, no pronounced effect of increase of speed (5 per 
cent. only as against 15 per cent. for a similar percentage increase in speed 
from the next lower speed used, 0°35 litre per minute), and no significant 
falling off from the new initial value after changing over to the next higher 
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speed. A speed of 0-45 litre per minute was therefore taken as correct for 
experiments at atmospheric pressure. 

To equalize as nearly as possible the rates of flow in experiments with 
plants and with free water surfaces, the clearance of the collecting funnel 
from the brim of the glass dish, when such was used in control and prelimi- 
nary experiments, is made such that the mean velocity of the stream over 
the water surface is approximately equal to the mean velocity of the air 
Stream over the plant. The mean velocity over the plant is the speed of the 
air stream half-way up the funnel. The mean velocity over the water surface, 
the velocity in the centre being zero, may be taken as roughly half that at 
the edges. The velocity at the edges of the dish must, therefore, be double 
the velocity half-way up the funnel. Since the mouth of the funnel measures 
10 cm. in diameter, the mean velocity of the air passing over the plant under 
the funnel (at 0-45 litre per minute) is 450/(3-14 2°52) cm. per minute, or 
approximately 23 cm. per minute. The clearance between the edges of the 
funnel and the brim of the dish is therefore made roughly 3 mm., so that the 
area of the annular opening admitting air to the funnel (10 x 3-14 X 0-3 sq. cm.) 
shall be approximately half that of the mean section of the funnel (3-14 X 2°57 
sq. cm.). Thus the mean velocity of the current over the water surface taken 
as half its velocity at the periphery becomes equal to the mean velocity in 
the funnel. The critical velocity of air current of 0-45 litre per minute, found 
as described above, gives a mean speed in the funnel over the leaf surfaces 
of 23 cm. per minute, or 0:38 cm. per second at atmospheric pressure. 

At other pressures it is evident that equal scavenging effects will be pro- 
duced by an equal speed of air movement over the plant. This would mean 
an increased volume of air per minute (measured at atmospheric pressure) 
in proportion to the increased pressure. Thus, when the pressure is increased 
from zero to 1 atmosphere the actual absolute pressure is increased from 1 
atmosphere to 2 atmospheres, and twice the volume of air (measured at 
atmospheric pressure) must be passed through the apparatus per unit time 
to provide equally efficient flushing out of water vapour. At 2 atmospheres 
deficit (three times the original absolute pressure) the rate would require to 
be three times the original rate, and so on. It might be argued that as the 
pressure increases the rate of evaporation is so much reduced thereby—as 
shown both by the present and all the earlier series of experiments—that 
at the higher pressures only a smaller and smaller volume of air measured 
at the relevant pressures (i.e. a slower and slower current) will suffice to carry 
over the water vapour at the same rate as it is transpired. A little considera- 
tion will show, however, that such a reduction in the rate of flow would allow 
an artificially increased vapour pressure near the leaf surfaces at the higher 
pressures as compared with the lower, and the evaporation at the higher 
pressures would therefore appear too low. ‘The normal gradient-steepening 
effect of pressure would be reduced. In still air, an increase of pressure 
reduces the evaporation rate and therefore reduces the humidity at a given 
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distance from the surfaces. Thus at higher pressures the vapour-pressure 
gradient near the evaporating surfaces is steepened as a result of the reduced 
mean free path of the molecules and consequent reduced diffusion rate of 
the water vapour. Steepening of the gradient or reduction of the vapour 
pressure at a small distance from the surface tends to increase the rate of 
evaporation. The effect of pressure is therefore not as great as it would be 
if this secondary effect of steepening of the gradient did not come into play. 
This effect would be reduced by reducing the speed of the air current. It may 
be noted in passing that in moving air this secondary effect is of scarcely any 
account since the gradient is already so steep, even at atmospheric pressure, 
that the further effect of pressure is almost negligible. It therefore follows 
that the effect of increased pressure will not be as great in still air as in moving 
air. The value required is the closest possible approximation to the value 
for still air, and it is therefore obviously not desirable to reduce the rates of 
flow at higher pressures in consideration of the reduced evaporation rates, 
or the values obtained for actual evaporation will be too low. Such a reduction 
would, in fact, introduce some compensation for the very effect it is required 
to measure. The rates of flow are therefore increased in proportion to the 
actual pressures. 

The relative rates used at different pressure deficits and their equivalents 
in linear speeds of movement over the evaporating surfaces and in numbers 
of changes per hour of the total air in the cylinder and the collecting funnel 
are given in Table I. They are obtained during experiments by timing the 


TABLE I 
Rates of flow of air No. of changes 
Deficit | Actual pressure Litres Cm./sec. Litres of air per hr. 

(Ib./in.) in atmospheres. per min. at surfaces. per hr. Cylinder. Funnel. 

° ti 0°45 0°38 27) 16°5 289 

50 I+3°33 = 4°33 1°95 0°38 117 71 1,240 

100 1+6:66 = 7-66 3°45 0°38 207 126 2,200 

150 lj 10s 5 4°95 ° 38 207 181 3,160 

200 =I+13°33 == 14°33 6°45 0°38 387 236 4130 


Volume of cylinder = Ir?h = 3°14 X9 XQ CU. in. = 254 cu. in. = 1,640C.c. 
Volume of collecting funnel = Tr2h/3 = 3°14 X 4 X 2V3/3 cu. in. 
= L475 eCUeMn mn —-BOANC. Ce 
Volume of funnel = volume of cylinder x ea PE 
0°45 litre/min. = 27 litres/hour — 27,000/2°54” cu. in./hr. = 4,185 cu. in./hr, 
= 4,185/254 cylinder volumes/hour — 16:47 changes/hour 
(= 27,000/1,640 cylinder volumes/hour = 16-47 changes/hour) 
at atmospheric pressure. 


rates of bubbling through the bottle of sulphuric acid at T (Fig. 1) with a 
stop-watch and calibrating these rates from time to time by collecting the 
outcoming air in gas cylinders and directly measuring the volumes issuing 
per unit time. 

It will be realized from the table that since the volume of air passing per 
hour through the apparatus amounts to from 289 to 4,130 times the volume 
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of the collecting funnel containing the evaporating surfaces, the flushing is 
amply sufficient, although the speed of the current over the evaporating 
surfaces is too slow to bring about any appreciable effects of air movement. 
In any case, any such effects could not vitiate the required ratio of the trans- 
piration rates under different pressures, since, owing to the adjustment of 
the rates of the air stream, they become similar for all pressures. 


TABLE II 


Pressures (lb./in.): ° 50 100 150 200 
a. Experimental values for free water sur- 0°346 
face : (in gm. water evaporated per hour) 0364 0:072 0:039 0:028 0020 
0°363. 0075 0:038 0:027 0-022 
0°379 0072 0°039 0:030 0-021 


0°347 
Means: 0°360 0°073 0'039 0:028 o-o2r 
Percentage values: 100 20 11 8 6 
6. Theoretical values for free water surface: 100 23 13 9 7 
c. Experimental values for Aesculus with 100 37 PE Ir 
different pressures at leaf surfaces, but 100 31 16 9 6 
zero deficit, all as percentages of rate at 100 30 I4'5 8-5 5 
atmospheric pressure: 100 24 II‘5 75 
Means: 100 30:5 15 9 5:5 
d. Experimental values for Aesculus with 100 47°5 23 
different pressures at leaf surfaces and 100 47 22°5 21 21 
corresponding deficits, the tracts being 100 46 20 19 20 
throughout at atmospheric pressure. All 100 41 19°5 19 16°5 
values as percentages of rates at atmo- 100 40 19 19 16°5 
spheric pressure. 100 38 19 14°5 15 
100 36°5 18°5 13°5 12 
100 256 18°5 II i 
100 33°5 16°5 10 9 
100 32°5 15°5 9 7 
100 31°5 14°5 8 6 
100 31 14°5 
Means: 100 38 18 145 13 


Types of experiment performed. 

Three types of experiment have been carried out by the method described: 
(a) Normal experiments on Aesculus branches in which the butt end of the 
branch was passed through the base of the cylinder in the usual way so that 
increase of pressure in the cylinder led to increased pressure at the leaf 
surfaces and also to a pressure deficit. (b) Control experiments on branches 
of Aesculus in which shorter branches were used, the base of the cylinder 
being sealed and the butt end of the branch being allowed to dip into a small 
vessel of water enclosed within the cylinder with a layer of oil on the water 
surface to prevent evaporation. In these experiments there is increased 
pressure at the leaf surfaces but no deficit. (c) Control experiments on free 
water surfaces, in which the base of the cylinder was sealed as in (6) and 
a flat dish of equal diameter to that of the mouth of the collecting funnel 
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and brim-full of water was placed in the cylinder, 0-3 cm. below the rim of 
the funnel. These experiments show the effect of increased pressure at the 
evaporating surface on the rate of simple evaporation. 

In both the types of experiment (a) and (6), in which leafy branches were 
used, the values for the higher pressures were determined shortly after the 
values for the next lower pressure, without reduction of the pressure in the 
interim. In this way the periods during which the cell sizes are not yet 
characteristic of the equilibrium at the newly reached pressure are shortened 
and errors due to changes of transpiration rate resulting merely from contrac- 
tion of the cells (Haines, 1935a, p. 559 et seq., Fig. 6) are minimized. The 
readings are therefore taken during successive hourly periods (with short 
intervals between for weighings and for increase to the next pressure) at 
©, 50, 100, 150, and 200 lb./in. respectively, and always only during such 
times as the leaf-cell sizes and evaporation rates have come to equilibrium 
at the relevant pressures. The experiments on water surfaces were conducted 
on similar lines. 

RESULTS AND DISCUSSION 

The results of all experiments are summarized in Table II and plotted 
in Figs. 4 and 5. In the case of the free water surface (Table II, a) it will 
be seen that, as would be expected on theoretical grounds, the evaporation 
rate decreases roughly in proportion to the absolute pressure. Thus, at an 
applied pressure of 1 atmosphere the actual pressure becomes 2 atmospheres, 
or double that when no excess pressure is applied and the rate is halved. 
At an excess pressure of 3 atmospheres the actual pressure becomes 4 atmo- 
spheres, or four times that when no pressure is applied and the rate is reduced 
to a quarter and so on. The theoretical figures worked out on this basis are 
given for comparison in Table II, 6 and plotted in Fig. 5 (curve 6) side by 
side with the experimental curve (curve a) obtained by plotting the figures in 
Table II, a. The curves may be considered to be in good agreement. Actually, 
the experimental curve lies slightly below the theoretical curve, but it is 
doubtful whether the difference is significant. 

In the experiments on leafy branches under pressure, but kept at zero 
pressure deficit by enclosing the base of the branch and water supply also 
within the cylinder, the evaporation rate is reduced by pressure in much the 
same way as for a water surface. The results are given in Table II, c and the 
individual points are plotted to show the nature of the error in the upper 
graph of Fig. 4. The curve of nearest approach is drawn through these points 
in Fig. 4 and also given in Fig. 5 (curve c) for comparison with the other 
curves. It would appear that the plant is somewhat less affected by pressure 
than the free water surface, especially at the lower pressures, a result which 
was not expected and which is without any obvious explanation. It would 
be expected that any direct effect of pressure on the stomata would make 
for closure and lead to the opposite result, but this is manifestly a point for 
further investigation. Seeing that the effect of pressure is due to reduction 
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of mean free path of diffusing molecules after they have escaped from the 
evaporating surface, it might appear at first sight to be of the nature of a 
physical impossibility that under increased pressure transpiration should be- 
come relatively faster than evaporation from a water surface. This, however, 
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is not the case, since it has to be remembered that the transpiration per 
unit area of leaf surface is only approximately one-half the evaporation from 
an equal area of water surface at atmospheric pressure. The difference is 
due to the fact that in the leaf the true evaporating surfaces are enclosed 
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(from a of Table II), 
Curve 6 (from 6 of Table II), theoretical curve 
Table II), plants with no deficits. Curve d (from 
For further explanation see text, p. 640 et seq. 

behind the stomatal system and that diffusing vapour, before reaching the 
latter, must first penetrate a network of intercellular spaces in the leaf. Al- 
though the effects of pressure due to reduction of diffusion rate in the sur- 
rounding atmosphere must necessarily be the same for the leaf and for the 
water surface, two possible mechanisms suggest themselves whereby the 
points of structure peculiar to the leaf may Cause it to be relatively less 
affected by pressure than the free water surface. F irstly, if it be supposed 
that the stomatal spacing be slightly too crowded for maximum efficiency at 
atmospheric pressure, under normal conditions the diffusion systems will 
slightly interfere, leading to loss of efficiency and bringing down the normal 
transpiration rate as compared with its possible theoretical value with spac- 
ing of maximum efficiency. Under increased pressure the vapour-pressure 
gradient outside each stomatal aperture is steepened as a result of the reduced 
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rate of diffusion, and there will in consequence be less interference between 
adjacent diffusion systems. A slight increase in efficiency of the stomatal 
system results, and the transpiration rate is therefore not lowered quite as 
much as would otherwise be expected and not reduced as much (relative to 
its original rate) as the evaporation from a free water surface. The second 
possible explanation is that under pressure the cells of the mesophyll of the 
leaf become reduced in size with a more or less corresponding increase in the 
sizes of the intercellular spaces. The whole structure cannot contract to- 
gether, at least in some directions, on account of the supporting action of the 
more rigid structures such as the cuticle and vascular bundles. This will 
lead to increased efficiency for diffusion of the internal system of the leaf, 
and again the transpiration under pressure will not be reduced in the same 
proportion as the evaporation from a free water surface. These suggestions 
are obviously only conjectural, but serve to show that the sequence of the 
graphs in Fig. 5, though unexpected, is not a physical impossibility. 

By far the most unexpected result is the relation between the above dis- 
cussed graph for leafy branches at zero deficit and that for branches under 
deficits, obtained by experiments similar to those of the earlier series with 
the butts passing out through the base of the cylinder into a water supply at 
atmospheric pressure. The results of these experiments are given in Table II, 
d, and the individual points plotted to show the error on the lower graph in 
Fig. 4. The curve of nearest approach is drawn through these points in Fig. 4 
and also given by curve d in Fig. 5. The somewhat surprising conclusion 
is reached that increased pressure at the leaf surfaces combined with a deficit 
does not reduce the transpiration as much as the increased pressure at the 
leaf surfaces alone. In other words, at least under the experimental conditions 
of generally increased pressure, a pressure deficit, which has always been 
assumed to reduce transpiration, far from causing any substantial reduction 
in transpiration tends if anything to allow an increase. It will be realized 
from Fig. 4 that the experimental errors where leaf surfaces are concerned 
are still rather large, evidently on account of a lack of physiological uniformity 
of the material, since the results for water surfaces are very much more 
consistent. In view of this it cannot be said that the evidence for an actual 
increase in transpiration as a result of a deficit is as yet quite conclusive, but 
it is at any rate evident that a deficit per se (at least at the range of actual 
pressures used in the experiments) does not cause any appreciable reduction 
in transpiration rate. This is contrary to expectations. A pressure deficit of 
200 Ib./in. would be expected to reduce the water content to 75 per cent. 
even of that at 10 atmospheres (150 Ib./in.) deficit and therefore to reduce 
the water content at turgidity by considerably more than 25 per cent. This in 
view of existing work on the relation between transpiration rate and leaf water 
content (Knight, 1917; Livingston and Brown, 1912) would be expected 
to lead to a substantially reduced rate of transpiration, though no theoretical 
reason for the reductions observed by these writers can be suggested. 
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The extent of the reduction expected theoretically will be clear from the 
following considerations. A fully turgid mesophyll cell would be expected to 
be in equilibrium with a fully imbibed cell-wall. The vapour pressure at 
its surface should therefore approximate to that of a free water surface at the 
same temperature. (Actually it will be slightly lower, since the extra-cellular 
liquid cannot be pure water.) When a pressure deficit of, say, 10 atmospheres 
is applied, the cell would be expected to lose water to the conducting tracts 
until its suction pressure became 10 atmospheres. Since this is the approxi- 
mate point (for Aesculus) at which reversal of flow occurs (i.e. the point at 
which all natural turgour pressure is removed and the applied pressure 
becomes equal to the osmotic pressure of the sap), it may be taken that the 
state of imbibition of the cell-wall will now be such as to bring it into equili- 
brium with a cell-sap of ten atmospheres osmotic pressure. The vapour 
pressure at its surface should therefore have fallen approximately in the ratio 
of the vapour pressure of a 10-atmosphere solution to the vapour pressure 
of water at the same temperature, and the transpiration should have fallen to 
the same extent. Reckoning cell solutes as potassium nitrate and taking the 
temperature as 15° C., the ratio becomes 12-691: 12°788, and the transpiration 
should fall to 99-1 per cent. of the original value. In practice, however, it 
is evident that no such relation exists. In view of the magnitude of the errors, 
the present experiments do not completely rule out the possibility of such a 
relation holding under experimental conditions, since a reduction of trans- 
Piration in exact correspondence with the reduced vapour pressure could 
not be detected. The apparently significant rise obtained, however, makes it 
appear very unlikely. On the other hand, it is certainly not true in nature. 
Livingston and Brown (1912) observed a range of transpiration rates con- 
siderably greater than that which could be accounted for by the changes in 
vapour pressure. Fitting (1911) and Livingston (1911) find the osmotic 
pressure of the cell-sap in the leaves of desert plants in moist soil is approxi- 
mately equivalent to that of 2M potassium nitrate. Livingston and Brown 
(1912) therefore argue that the maximum possible range of cell-sap concentra- 
tion in these plants is from 3M to zero. This is undoubtedly a liberal over- 
estimate, since there is no evidence that the value ever rises appreciably 
above 2M on the one hand and it cannot possibly approach very near to zero 
on the other. Even so, if the range of transpiration rates were proportional 
to the vapour pressures at the cell surfaces, and these in turn were propor- 
tional to the osmotic concentrations of the sap, as might reasonably be ex- 
pected, the maximum change in transpiration rate (ignoring stomatal effects) 
would amount only to a reduction of 8 per cent. The observed value of 
49 per cent. (Livingston and Brown, 1912) cannot therefore be explained 
as a result of the change in sap concentration and vapour pressure alone. 
Livingston and Brown suggest that the reduction in transpiration rate may 
also be due in part to other factors such as increased concentration of the 
extra-cellular liquid, increased concentration of the cell-sap by added solutes 
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(e.g. by photosynthesis), or a decrease in the permeability of the protoplast. 
A similar suggestion to this last has been made by Haines (1935a), but in 
view of the present results and the consequent changes in the situation it 
cannot now be said until further data have been obtained whether this is 
a profitable hypothesis or not. (It depends upon whether the lack of agree- 
ment with theory lies in the relation of deficit to water content, of water 
content to superficial vapour pressure, or vapour pressure to transpiration 
rate—and this is not yet known.) Whatever may be the mechanism by which 
it is brought about, all the work, however, indicates a marked reduction in 
transpiration rate with falling leaf water content. Knight (1917) came to the 
same conclusion. In one of his experiments the values for transpiration rate 
range from 7,200 units to 2,860: a reduction to less than 40 per cent. of the 
higher value. The changes are ascribed to changes in leaf water content, 
though the corresponding leaf water contents are not given. The suggestion 
that the reduction depends upon a reduction in leaf water content is probably 
true, but leaf water content in that case evidently does not work only through 
the resulting decrease in vapour pressure at the cell surfaces. Either the 
vapour pressure at the cell surfaces fails to bear the expected relation to 
cell-sap concentration and therefore to water content, or this relation is 
normal, but the transpiration rate mainly determined by some other condi- 
tions also dependent upon water content. Whatever the mechanism, trans- 
piration is evidently markedly reduced in nature even by relatively small 
decreases in leaf water content, and it is difficult to see how the latter, 
and therefore transpiration also, can escape reduction in pressure deficit 
experiments. 

The position is therefore as follows. Falling leaf water content is known 
to be accompanied by a considerable reduction in transpiration rate, which 
may be to 40 per cent. or less of the original value. This might be supposed 
to be due to falling vapour pressure at the cell surfaces due to a reduced 
state of imbibition accompanying the drying out of the cells. This, however, 
can only account for a reduction in transpiration rate of 8 per cent. at the 
very most, and normally only approximately 1 per cent. as against 60 per 
cent. or more observed. ‘The reduction in vapour pressure at the cell surfaces 
and drying out of the cells would be expected to be proportional to the 
pressure deficit when such was applied, and transpiration rate would there- 
fore be expected to fall (within a relatively small range at least) in response 
to pressure deficit. Inasmuch as drying out in nature leads to a markedly 
reduced transpiration rate, it would also be expected that the drying out 
which must presumably result from an experimentally applied deficit would 
also lead to a marked reduction in transpiration. This could not operate 
through reduced vapour pressure at the cell surfaces alone but would be 
expected to operate by the same mechanism, whatever it may be, as the 
naturally produced deficit. Applied pressure deficits, however, do not ap- 
parently reduce transpiration to a measurable extent at all, but probably even 
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increase it. The experimental errors are at present too large to enable it to 
be stated decisively that a large experimentally applied deficit does not cause 
a small decrease in transpiration corresponding with the reduced vapour 
pressure. The evidence suggests, however, that even such a reduction is 
very unlikely and that considerable reductions such as would be expected 
from the extent to which transpiration falls off with water content in nature 
are out of the question. It is therefore certain on the one hand that in nature 
a falling leaf water content must operate in some other and more complex 
way than through the vapour pressures at the cell surfaces alone, and probable 
on the other that the vapour pressure at the cell surfaces does not bear the 
expected relation to the pressure deficit or presumably, therefore, to the 
concentration of the cell-sap. It is also possible, however, that the expected 
relations between the pressure deficit, cell-sap concentration, and vapour 
pressure do exist, but that the rate of transpiration is principally decided by 
some other condition altogether, compared with the effects of which those due 
to alterations in vapour pressure are very small and therefore not observed in 
practice. A further possibility is that water content may bear the expected 
relation to pressure deficit in nature, but that the relation is altered in some 
way in the experiments, though it is difficult to see how, by shifting all the 
pressure values up the scale. Direct information is evidently desirable on 
the relation between pressure deficit and leaf water content. A still further 
possibility is that the normal effect of the deficit on the leaf water content 
may not be reached in the experiments owing to the deficit being artificially 
increased at too great a rate as compared with that at which similar deficits 
are attained in nature. This seems unlikely. On the other hand, it has to be 
remembered that in nature the normally observed falling leaf water content 
(for instance towards midday in the daily cycle; cf. Livingston, 1912) is the 
cause and not the result of the deficit as it is in the experiments. The effect 
in both cases may be expected to lag behind the cause. The leaf water content 
corresponding with a given deficit in nature may therefore be far below that 
corresponding to a similar deficit applied experimentally. In nature the 
deficit shows the lag, and in the experiments the leaf water content. The 
transpiration rate in the experiments will not therefore be as low as in 
nature. Special experiments on the effects of small deficits (Haines, 1936a, 
and Humphries, 1938) have shown that these undoubtedly cause an 
increase in transpiration rate. The apparent increase in transpiration by 
larger deficits may therefore also be true and linked up with the same mechan- 
ism. In this case the reduction in transpiration rate with falling leaf water 
content in nature may be due to the falling leaf water content without bearing 
the expected relation to the pressure in the tracts. It is at least evident that 
the general problem of the relations between transpiration rate, leaf water 
content, and pressure deficit is considerably more complicated than has been 
supposed. A simple reduction in transpiration rate in accordance with the 
reduced vapour pressure at the cell surfaces alone (assuming this to fall in 
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relation to the drying out of the wall which is in equilibrium with the increas- 
ing osmotic pressure of the cell contents as the cell diminishes in volume) 
is far from adequate to account for the observed reductions in transpiration 
rate. 

The position is best summed up by summarizing the theoretical expecta- 
tions and the stages at which they are known not to be fulfilled in practice. 
If the plant were a purely physical system, it would be expected that the 
transpiration rate would be proportional to the vapour pressure at the cell 
surfaces. ‘This should be proportional to the water content of the cell and 
inversely proportional to the osmotic pressure of the cell contents. The 
osmotic pressure of the sap should be proportional to the deficit, and trans- 
piration rate should therefore be inversely proportional to the deficit. In 
practice transpiration does not bear the expected relation to the deficit, as it 
is not reduced by increased deficit as much as would be expected and does 
not bear the expected relation to water content, since with falling water 
content it becomes reduced too much. If the transpiration rate is decided 
more by other unknown factors than by the vapour pressure, the theoretical 
relation may yet hold good between deficit, osmotic concentration, water 
content, and vapour pressure. On the other hand, further at present obscure 
factors may come into play to prevent these relations holding at any stage. 
These might be due to changes in the colloidal condition of some of the cell 
constituents, rendering a purely osmotic interpretation of the cell behaviour 
altogether inadequate. A detailed discussion of the possible nature of such 
factors, however, is obviously not profitable until more data have been 
obtained. 


SUMMARY 


The relation between transpiration rate and pressure deficit has been 
investigated by weighing the water vapour transpired from leafy branches 
of Aesculus placed under different pressures in a pressure cylinder. A special 
arrangement of valves allowed dry air to be passed over the plant under 
pressure and the transpired water to be collected and weighed at atmospheric 
pressure in the usual way. 

Similar experiments have been conducted with free water surfaces and 
with plants with the leaves under increased pressure but with no deficit, the 
pressure in the tracts being similarly increased. 

Transpiration appears, if anything, to be slightly less affected by pressure 
than evaporation from a free water surface. Reasons for this are suggested. 

A pressure deficit in addition to increased pressure at the leaf surfaces 
reduces transpiration no more than increased pressure at the leaf sur 
faces alone. A deficit, at least in the range of actual pressures used in the ex- 
periments, therefore appears to have no marked effect upon transpiration rate. 
It certainly causes no marked reduction but may cause a slight increase, as 
has already been found to occur with small deficits. It is pointed out that 
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the exact cause of the reduction of transpiration in nature with falling leaf 
water content and the general relations between transpiration rate, leaf water 
content, vapour pressure at the cell surfaces, and pressure deficit in nature 
are therefore largely obscure. Further data are required. 
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I. INTRODUCTION 


ba morphological interpretation of the gynaeceum in the Papaveraceae 
has been a matter for discussion since the time of A. P. de Candolle 
(1827), and widely varying opinions on the subject have been expressed by 
botanists of the present day. In the hope of obtaining further evidence 
bearing on the subject I began, some years ago, to cut serial sections of the 
flowers of members of this family ; and, after examining a number of genera, 
I came to the conclusion that a special study of the genus Papaver might be 
a useful contribution. This genus was chosen partly because it affords a good 
test case, and partly because—although it is so familiar an object—our know- 
ledge of its construction is still imperfect. Lignier’s pioneer work (1911, 
1915) on the anatomy of the gynaeceum in the Papaveraceae, which was left 
unfinished at his death, did not include Papaver, and later writers who have 
considered the genus have given accounts which are incomplete in certain 
critical directions. 

In the following pages my observations on Papaver and related genera will 
be described, and their theoretical bearing will then be discussed. The 
terminology used in the descriptions and figures will be based, provisionally, 
upon the hypothesis that the carpels form one whorl of similar members, 
and that the placentae are joint outgrowths from their united margins. This 
is the theory which, on the evidence of external features, has been adopted 
generally by systematists, but it has never been tested by detailed application 
to the minuter structure of the gynaeceum of Papaver. When this gynaeceum 


' This paper represents part of the work carried out during the tenure of a Leverhulme 
Research Fellowship. The writer is indebted for material to the Director of the Cambridge 


Botanic Garden. 


[Anaals of Botany, N.S. Vol. II, No. 7, July 1938.] 


650 Arber—Studies in Flower Structure. IV 


has been described in full on this basis, we shall be in a position to determine 
whether, from the point of view of structural evidence, the theory is self- 
consistent, and also whether it enables us to relate the gynaeceum of Papaver 
to that of other members of the family. 


II. OBSERVATIONS 


It is convenient to begin the study of Papaver with a species which has 
relatively few carpels, and, for this reason, P. Argemone L. may be used as 
a type. The fruit is seen in Fig. 1, A, while B1-B6 represent transverse sec- 
tions from a series through a very young gynaeceum. In each of these 
sections one of the carpels is, for clearness, delimited by arrows. B1, cut at 
the extreme base, shows the four carpels surrounding a minute central area 
of tissue, differing from them histologically; this is the vestigial apex of the 
floral axis. Each carpel at this level has its placental outgrowths appressed to 
enclose a loculus. The median strands of the carpels are scarcely distinguish- 
able. There is no lignification except in the bundles on the radii of the 
placentae; these strands are interpreted as the united marginals of adjacent 
carpels. B2 is cut above the tip of the floral axis. The sterile basal regions of 
the four placentae now project freely into the cavity, and the median bundles 
of the carpels are becoming better defined than at lower levels. In 33 we 
pass to the ovule-bearing region of the ovary. The gynaecium is so young 
that the ovules are still atropous, though the rudiments of the integuments 
are already visible. This diagram may be compared with Fig. 2, c1, which 
represents the fertile region of an older gynaeceum of the six-carpelled type. 
In Fig. 1, B4, we reach the level of the upper sterile region of the ovary, where 
it is passing into the stigmatic crown. We see here the reappearance of the 
individual loculi (cf. also Fig. 2, c3a), which were defined at the base of the 
ovary (B1), but which, between these levels, were merged in the general 
cavity. In B5, which is still higher, not only the loculi, but also the median 
regions of the carpels, are dying out, and they have disappeared before B6 
is reached. In B4 and B5, as well as in Fig. 2, cza and cqa, the centre of the 
section is occupied by a transmitting canal lined with papillae. In B4 the 
transmitting canal has four rays—the slits between the appressed placentae. 
In Bs, and in Fig. 2, c3a, a second set of rays has developed, alternating with 
the first. ‘These secondary rays indicate the beginning of the division of each 
placenta along its median plane; this bisection separates the half-placentae 
belonging to adjacent carpels, which, up to this level, have been united. It 
is the faces parted by this cleavage which bear the receptive papillae (Fig. 2, 
cs and c6); they form the paired stigmatic rays of which an external view is 
given in Fig. 2, p. 

In correlation with the splitting of the placenta, the fused marginals 
divide—each half passing to the carpel to which it belongs. This change 
takes place between Fig. 1, B5 and 86, but the vascular tissue is so embryonic 
in this series of sections that the process is difficult to follow. It can be 
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traced in detail, however, in the series through the older gynaeceum drawn 
in Fig. 2. The upper sterile regions of the placentae in the base of the 
stigmatic crown are seen in Fig. 2, c3a; the bundles to the right of the diagram 
each show one xylem group, while in two of those to the left (which, owing 
to a slight obliquity in the section, are cut at a higher level) division is taking 
place. One of the individual bundles, x, is drawn on a larger scale in c3b. In 
c4a, which is a little higher in the gynaeceum, division is proceeding, and the 
result is seen in detail for bundle x in c4b; the xylem now forms two separate 
groups. The completion of these divisions represents the entire disengagement 
of the vascular system of each carpel from that of its neighbours, and in Fig. 1, 
BO, and 2, C5, each of the terminal members is seen to possess its own arc. 
We have now traced the derivation of these stigmatic members, and their 
vascular supply, each from a single carpel; in Fig. 2, p, they are seen in 
external view, each standing above the median region of the carpel to which 
it belongs. They do not, however, each represent a whole carpel, but they 
are formed exclusively from its margins and placental outgrowths, which 
extend above, and arch over, the reduced median regions. The disappearance 
of the median regions of the carpels, and of the loculi, as the stigmatic crown 
was reached, was observed in outline in the young gynaeceum of the series 
in Fig. 1, B, but for a better demonstration we must go to the older series in 
Fig. 2. The condition in the main part of the ovary can be seen in Fig. 2, 
ci and C2. In C3 we are reaching the base of the stigmatic crown, and the 
median regions of the carpels are reducing in width, but increasing in depth 
from back to front. The bundles are now scattered instead of forming a 
single series; in C4a, in carpels 1 and 2 the number of bundles is reduced, 
and in carpels 3 and 4 their upper limit is passed, so that there are no longer 
any to be seen. In this diagram, in carpels 1, 2, and 3, which are cut at a lower 
level than the rest, the attachments of the median regions to the placentae 
are narrowing, and withdrawing towards the centre of the gynaeceum, thus 
reducing the loculi. In carpel 4 this process has gone so far that the loculus 
has vanished, and the median region of the carpel is attached by the middle 
line of its ventral surface to the infolded and fused margins of its two half 
placentae; and in carpels 5 and 6 these marginal outgrowths have closed in 
a hood-like manner over the apex of the median region, so that it is no longer 
visible. As the loculi disappear, the marginal regions of the carpels thus take 
on an exaggerated development; they not only form the stigmatic crown itself, 
but also the outgrowths which produce the basal rim seen in transverse section 
in Fig. 2, C3a and cqa, and in longitudinal section in Fig. 3, ar and a2. 
Before leaving P. Argemone we may notice one point of minor importance. 
This is the occurrence of downwardly directed flanges from the sterile regions 
of the placentae high in the ovary. These can be seen cut transversely in Fig. 
2, C2. The obliquity of the section reveals, on the left, two flanges continuous 
with the fertile placentae, and, on the right, four flanges cut in their free regions, 
The same structures can be seen in longitudinal section in Fig. 3, ar and A2. 
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Fic. 3. AI and a2, Papaver Argemone L. Sections from a slightly oblique longitudinal 
series through the upper part of a 8ynaeceum from an unopened bud, Camb. Bot. Gard., 
25 June 1936 (X14). Ar, approximately radial; az, tangential. Br and B2, P. nudicaule L., 
sections from a slightly oblique transverse series through a young gynaeceum at the stage 
at which differentiation of the ovule integuments has only just begun. Camb. Bot. Gard., 
3 Aug. 1928 (x 14). Here, and inc (below), the arrows, if continued back to the transmitting 
canal, would delimit the carpels. c, P. hybridum L., section at the base of the stigmatic crown 
from a transverse series through a gynaeceum, Camb. Bot. Gard., 28 July 1928 (x 14). 
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Serial sections of the gynaecea of Papaver nudicaule L., P. hybridum L., 
and P. Rhoeas L. were cut for comparison with P. Argemone; they were 
found to agree with this species in all essential points. Fig. 3, c, passes through 
the base of the stigmatic crown in P. hybridum. Being slightly oblique, it 
shows the vascular median regions of carpels 3, 4, and 5, with the loculi on 
their inner faces, while in carpels 6, 1, and 2 the upper limits both of the 
loculus and of the vascular tissue of the median carpellary region have been 
passed. It will be seen that the ventral (inner) faces of the median regions 
of these three carpels are, at this level, united with the stigmatic crown. The 
arrangement of the elements makes it possible to distinguish the tissue of the 
median region of the carpel from the tissue of the marginal regions, and this 
boundary is indicated for these three carpels by dotted lines; but there is 
perfect tissue-continuity between the tips of the median regions of these 
carpels and the stigmatic crown. Fig. 3, Cc, also shows the development of the 
stigmatic rim, and the early stages in the division of the placentae and their 
bundles. In this diagram, and in those of P. nudicaule (B1 and B2), the arrows, 
if carried inwards to the transmitting canal, would mark the boundaries be- 
tween adjacent carpels. 

The sections of P. Rhoeas drawn in Fig. 4 may be used to illustrate certain 
special points which were not demonstrated for P. Argemone. One of these 
is the history of the vascular structure in the base of the gynaeceum and in the 
placentae. Fig. 4, a1, is cut at a level at which the bundles of the uppermost 
stamens have not yet left the axis. The central cylinder has ten residual 
bundles, which are perfectly distinct as regards their lignified xylem, but 
which form a ring by a continuity which chiefly concerns the phloem and the 
sheath tissue. In Aza we pass into the stalk of the gynaeceum, which corre- 
sponds, on a small scale, to the gynophore of the Capparidaceae. The ten 
residual bundles are now free from one another, and there is no vascular 
tissue between them. In A2b (the bundle x in Aza on a larger scale) we find 
that, outside the sheath cells, which are large, with highly stainable walls, 
there are groups of active elements, rich in contents, which, at a higher level, 
will give rise to vascular strands. Similar groups are seen in £1) and £2. In 
a3 the bundles for the gynaeceum are already marked out. Between the ten 
lignified bundles (which are the fused marginals of adjacent carpels, from 
which the placental supply will originate) there are extremely delicate non- 
lignified strands for the main regions of the carpels. These strands arose de 
novo in the parenchyma, and at this level they are not connected with the 
fused marginals. In a4 we come to the first appearance of the carpel loculi, 
which surround the vestigial non-vascular apex of the floral axis; sections 
showing this feature have been obtained from four other gynaecea. Fig. A5a 
is cut at 7ou above a4, but below the fertile region of the ovary. The groups 
of active cells, belonging to the surface tissue of the bundles, which were 
noticed in arb, are now giving rise to unlignified strands which connect with 
the bundles of the median regions of the carpels—also at this level unlignified. 
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Fic. 4. A-D, Papaver Rhoeas L. a1—A 5, sections from a transverse series through the lower 
part of the gynaeceum of an unopened bud, gravel pit, Camb. Univ. Farm, 24 May 1936 
(X14, except a2b and asb, which are x 193 circa). At, level at which there are stil] stamen 
bundles in the floral axis. 426, bundle x in aza ona larger scale. a4, actual base of gynaeceum., 
A5q, sterile bases of placentae. A56, bundle y in asa ona larger scale. B, longitudinal section 
from a series through a very young ovary, Whittlesford, 28 May 1936 (x23). Three placentae 
are cut tangentially, and the median regions of two carpels are cut more or less radially. The 
gynaeceum is so young that no ovules have yet been produced. The shaded edges of the 
placentae represent the border of cells rich in protoplasm from which the ovules will be 
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The fused marginals are slightly oblique. Fig. 455 shows one of these bundles, 
Y, on a larger scale; it is giving off an unlignified branch to the south-west. 

Even in extremely young ovaries of P. Rhoeas, from the base the fused 
marginal strands tend to be slightly concentric (Fig. 4, Fb). In older stages 
this feature is emphasized, the xylem being placed centrally with the phloem 
surrounding it, and the sheath closing more or less completely round the 
bundle (Fig. 4, £2). The result is that when a strand from such a bundle is 
given off towards the placenta, the phloem of the branch bundle is naturally 
turned towards the placenta and the xylem towards the parent bundle 
(Fig. 4, Era and E16). 

The nature of the vascular system within the placenta cannot be understood 
from transverse sections, but its general scheme is shown in Fig. 4, D, which 
is a radial section through a gynaeceum so young that the rudimentary ovules 
have not yet produced integuments. It will be seen that a very elaborate 
plexus of strands arises from the fused marginal bundles and penetrates the 
tissue of the placenta. At the stage figured there is little lignification except 
in the main bundles, 

The tissue-continuity between the median regions of the carpels and the 
stigmatic crown has already been demonstrated in transverse sections of P. 
Argemone and P. hybridum. In Fig. 4, 8 and c, longitudinal sections of a young 
gynaeceum of P. Rhoeas are drawn to show this continuity from a different 
aspect; it is only at a later stage that it is interrupted by the formation of the 
dehiscence pores. 

The two genera most nearly allied to Papaver are Argemone and Meconopsis. 
Serial sections of the gynaeceum of Argemone mexicana L. are illustrated in 
Fig. 5, AI—ag, and the stigmatic crown is shown as a solid object in cr and 
cz. The general structure is essentially similar to that of Papaver, so our 
description may be limited to the vascular supply, in which certain critical 
features can be seen more clearly than in Papaver. In the A series in F ig. 5 
the bundle x and its products are marked in each diagram, so that its history 
can be followed into the stigma. As compared with Papaver, the placentae in 
the fertile region of the ovary, and the base of the apical sterile region, project 
little into the cavity (Fig. 5, ar), and the vascular supply for the placenta 
scarcely becomes detached from the fused marginals. aza and 2b in Fig. s 
show two inverted bundles given off on the placenta side, which have remained 


developed. c, tangential section from a series through the top of a gynaeceum, Whittlesford, 
28 May 1936 (x 14); the ovules are so young that they are still atropous, but rudiments of 
both integuments have appeared. pb, approximately radial section from a longitudinal series 
through a young gynaeceum, Whittlesford, 28 May 1936 (x14); the ovules have not yet 
developed the rudiments of integuments. E1a, one placenta from a transverse series through 
the gynaeceum of an open flower, gravel pit, Camb. Univ. Farm, 24 May 1936 (x 14). E10, 
fused marginal strands from E1a (xX 193 circa). £2, fused marginals associated with another 
placenta in the same section as E1 ; this bundle is not, at the moment, giving off a strand to the 
placenta ( x 193 circa). Fa, one placenta from a transverse series through the gynaeceum of an 
unopened bud, gravel pit, Camb. Univ. Farm, 24 May 1936 (x14). At this very young stage 
the ovules are mere prominences. Fb, fused marginals of Fa ( X 193 circa). 
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Fic. 5. Argemone mexicana L., Camb. Bot. Gard., 13 July 1936. AI—AQ, sections from a 
transverse series through the upper part of a gynaeceum; one carpel is delimited by arrows. 
Al, fertile region of ovary (X14). Aza, a placenta cut at a slightly higher level where it is 
sterile (x 23). A2b, fused marginal bundles in Aza (x 193 circa). A3a, upper sterile region of 
ovary (X23). A3b, placenta and bundle x ( x 193 circa). A4a, extreme top of ovary where it 
passes into stigmatic cap; section slightly oblique, and one lacuna only seen (X23). a4b, x 
in A4a@ (X 193 circa) to show an inverted bundle being given off. A5a passes through apices 
of median regions of carpels, above the tips of the vascular bundles of three of them (é28)3 
A560, Xin Asa ( x 193 circa); the main bundle is spreading and dividing, and the inverted bundle 
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in contact with the fused marginals to form a concentric plexus. In the 
higher sterile region of the ovary, however, an unlignified strand passes into 
each placenta (Fig. 5, a3a and 6), while, in the base of the stigmatic crown, 
corresponding bundles, which are lignified and show inverted orientation, 
move away to some distance from the fused marginals (Fig. 5, asa and 3). 
In a6-ag the process in which x shows its compound character can be 
followed; its components become distributed between the adjacent carpels 
to which they belong. In the stigmatic members the xylem of each bundle 
is directed towards the papillose surface (gd). 

Meconopsis is slightly modified from the Papaver type by the fact that 
the stigmatic crown is raised on a style. A few sections from a series through 
the distal portion of a gynaeceum of M. aculeata Royle are drawn in Fig. 6. 
The upper sterile parts of the placentae are shown in Fig. 6, a1. The tip 
of the median region of each carpel has a slight ‘shoulder’ at its attachment 
to the style; two of these projections are cut in their free region in a2. A3 
passes through the style, and it is seen that the central transmitting canal has 
four arms in the median planes of the carpels. a4 is higher in the style; at this 
level the sectional form of the transmitting canal has changed, and it now 
shows four arms in the planes between the carpels. These arms are the first 
indications of the disjunction of the four carpels. In as we reach the stig- 
matic region in which the separation of the four carpels is complete. 


III. Discussion 


In contrast with the theory of the gynaeceum of Papaver generally used 
by systematists, which has been applied to the minute structure in the 
preceding pages, another view, sponsored by Kerner and Oliver (1895), has 
been revived in recent years by Saunders (1930), &c., and Dickson (1935). 
According to this view the parts which are called in the present paper the 
median regions of the carpels, are interpreted as an outer whorl of sterile 
carpels, while the placentae represent an inner whorl of fertile carpels. Some 
of the evidence adduced by Dickson, who has given the most detailed exposi- 
tion of this theory, must now be considered. In certain critical points the 
observations in the present paper differ somewhat from those recorded by 
that author. She states that in Papaver the ‘expanded carpels’ [median regions 
of the carpels, in the terminology used here] ‘are never fused with the stigmatic 
disc, for the disc can always be dissected from the capsule without causing 
any injury to the tips of the expanded carpels. Specimens at every stage 
of growth were examined, and this was always so in Papaver Rhoeas, P. 
Argemone, P. hybridum, P. somniferum, P. orientale, P. bracteatum.’ Such 


has been detached. a6, base of stigmatic crown (X23). In A6 and a7 all the bundles within 
the bracket are derived from x. A7, further division of x (23). A8 and Aga (X23). A9b, 
one of the bundles in aga ( x 193 circa) to show that the xylem is turned towards the papillose 
surface. 8B, fruit (x 4). C1, gynaeceum as a solid object seen from above. C2, a similar stigmatic 
crown seen from the side. cr and C2, both enlarged and prickles removed. 
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observations might be held to support the idea that the placentae, and the 
median regions of the carpels, belong to different members ; it may be doubted, 
however, whether it is safe to base negative conclusions about tissue con- 
nexions upon evidence of this type. The sections figured in the present 
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Fic. 6. Meconopsis aculeata Royle. Sections from a transverse series through the upper 
part of a gynaeceum, Camb. Bot. Gard., 26 June 1936 (x 23). The arrows in each diagram, 
if carried to the transmitting canal, would delimit the carpels. 


paper show that in the young gynaeceum of P. Argemone (Fig. 2, C4a, carpel 
4; Fig. 3, a2), P. hybridum (Fig. 3, c, carpels 6, 1, 2), and P. Rhoeas (Fig. 4, 
B and C) there is perfect tissue-continuity between the median region of the 
carpel and the stigmatic crown. At these young stages the stigmatic crown 
could be removed only if the delicate connexions were torn away; in the 
process of dissection such tearing might easily happen without being per- 
ceptible. Again, in describing the stigmatic structure, Dickson states that 
‘the vascular bundles of the contracted carpels’ [the fused carpel margins 
with their placental outgrowths, in the terminology used here] ‘remain un- 
changed throughout their course. When they reach the top of the ovary-wall 
they bend inwards, almost right angles, and run along underneath the stig- 
matic rays.’ This, as it stands, might also be accepted as evidence for the 
interpretation of the marginal and placental regions as distinct carpels, but 
a different picture is given by the observations described in the present 
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paper. In my preparations the fused marginal bundles do not ‘remain un- 
changed throughout their course’, but each invariably separates into two 
halves in the base of the stigmatic region, one half passing into the stigmatic 
member on either hand. This is illustrated for Papaver Argemone in Figs. 
2, C3a and 5b, c4ga and b; while the process can be followed more easily for 
Argemone mexicana in Fig. 5, in which the bundle x can be traced throughout 
the a series. 

In recent theories of the constitution of the gynaeceum in the Cruciferae 
and Papaveraceae, stress has been laid on the inverted character of the bundles 
supplying the placentae, and their orientation has been accounted for by sup- 
posing them to be the ventral strands of the ‘contracted carpels’ (e.g. Dickson, 
1935). The inversion of these strands can, however, be explained quite simply 
on mechanical grounds. It must be remembered that each placenta is im- 
mediately internal to one of the strands which are here interpreted as fused 
marginals. Exactly how such a strand can supply bundles to the placenta, 
which is on its own radius, is a special case of the general problem of how a 
collateral bundle can give off a branch on its xylem side. In Papaver Rhoeas, 
as we have seen, this problem is solved by the bundle becoming concentric 
(Fig. 4, E2); when a portion of it is detached on the side towards the placenta, 
it thus naturally has its xylem turned towards the parent strand, and its 
phloem away—in other words, it is ‘inverted’ (Fig. 4, £1b). The same thing 
occurs in Argemone mexicana, but here the inverted strands tend to remain 
associated with the fused marginals to form a concentric plexus (Fig. 5, Aza, 
A2b), though in the base of the stigmatic cap they may become free (a4a, b; 
A5a, b). 

The occurrence of ‘inverted’ bundles in the placentae is only one of the 
aberrant results that may follow when one collateral bundle has to supply 
a vascular system for a structure internal to itself on the same radius of the 
shoot. It has been shown in a previous paper (Arber, 1932; see also 19372) 
that the two-bundled character of the stamen filaments in Hypecoum—which 
has sometimes been interpreted as indicating that these stamens represent an 
ancestral pair—is also due merely to a special type of bundle-branching 
associated with the superposition of a stamen upon a petal. 

It will, I think, be recognized from the descriptions and figures in the pre- 
ceding section of this paper that the gynaeceum of Papaver can be described 
in a consistent fashion on the theory that it is formed from a single whorl of 
carpels, all of the same type, and bearing ovules on placental outgrowths from 
the united margins of adjacent members. On analysis, the peculiarities of the 
Papaver gynaeceum are all found to arise out of the reduction of the median 
region of each carpel, and the corresponding overgrowth of its margins. 
The carpel shows that ‘sorte de tendance 4 la trilobation’ detected by Lignier 
(1911) in the gynaeceum of Glauvium. The median regions of the carpels in 
Papaver do not extend to the apex of the gynaeceum, but are completely 
overarched at the tip by a hood formed from the marginal regions. The 
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vascular system of the median region is reduced in correspondence with the 
external reduction, while the fused marginal bundles are highly developed 
in correlation with their function as the supply channels for the ovule-bearing 
placentae. 

Within the Papaveraceae it would be hard to find a genus with gynaeceum 
structure more remote from that of Papaver than Platystemon. We have 
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Fic. 7. Platystemon californicus Benth., Camb. Bot. Gard., 5 June 1936. Ar and az, 
sections from a slightly oblique transverse series through a gynaeceum (X14). B, section 
from a slightly oblique transverse series through a very young gynaeceum, showing to the 
right the base of the stylar region ( X 23). 


shown that the theory here adopted gives a consistent explanation for Papaver, 
when this genus is considered in itself, and now—as a further test of the 
efficiency of the theory—we will apply it to the comparison of Papaver and 
Platystemon. In the base of the ovary of Papaver Rhoeas (Fig. 4, a4) the 
carpels, which at their first appearance have closed loculi (cf. also Fig. 1, Br), 
surround the vestigial apex of the floral axis. Such sections may be compared 
closely with that of Platystemon californicus, cut at a corresponding level, 
which is drawn in Fig. 7, a1. If the marginal bundles of adjacent carpels 
were united, and the ovules were borne on a placental outgrowth from the 
fused margins, we should arrive at a scheme of structure recalling Papaver. 
Fig. 7, A2, with its open loculi, if it were so modified, might be compared 
with the section of Papaver Argemone drawn in Fig. 2, cr. Fig. 7, B, is cut 
through the upper part of a very young ovary of Platystemon, and we 
see that, just before the carpels become stylar, the loculi repeat the closure 
which we noticed in the base. This closure of the loculi at the tip of the 
ovary can be paralleled in Papaver. The stigmatic members of Platystemon, 
like those of Papaver, are each formed from a single carpel only; but those 
of Platystemon differ from those of Papaver in incorporating the median as 
well as the lateral regions of the carpel. We thus see that, though at first 
glance the gynaeceum of Papaver seems remote from that of Platystemon, 
the fundamental relation of these superficially dissimilar types becomes clear 
when they are considered in the light of the theory here adopted. 
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IV. SUMMARY 


This study is based upon serial sections of the gynaecea of Papaver Arge- 
mone L., P. Rhoeas L., P. hybridum L., P. nudicaule L., Argemone mexicana L., 
Meconopsis aculeata Royle, Platystemon californicus Benth., and other Papa- 
veraceae. It is shown that the minute structure offers no support to the hypo- 
thesis that the gynaeceum of Papaver includes two types of carpel—sterile 
and fertile (see also Arber, 1937a). On the contrary the evidence favours 
the view that the gynaeceum consists of a single whorl of carpels, which are 
identical in type, and are equal in number to the placentae, and to the duplex 
stigmatic rays. In the ovary adjacent carpels are fused marginally, and the 
placentae represent outgrowths from these united edges; the placentae 
are thus duplex in origin. The inverted bundles of the placentae owe their 
inversion to an anatomical necessity; in morphological argument no stress, 
therefore, can be laid on this peculiarity. The carpels separate in the stigmatic 
crown by the splitting of each placenta along its median plane. The fused mar- 
ginal bundles divide, and their components are distributed to the carpels on 
either hand to which they belong. ‘The free surfaces produced by the splitting 
of the placentae bear papillae ; each stigmatic ray hence represents the adjacent 
faces of two carpels. The median regions of the carpels are much reduced 
and take no part in the formation of the stigmatic crown. It is not, however, 
until a relatively late stage that the apices of the median regions of the carpels 
break away from the base of the stigmatic crown, thus forming the dehiscence 
pores. Each stigmatic member stands directly above the median region of 
the carpel to which it belongs; it is formed exclusively from the marginal 
and placental regions of that carpel, which overarch the reduced median 
region. 

The structure in the allied genera Argemone and Meconopsis differs in 
no essential respect from that in Papaver. 

A comparison with Platystemon—chosen as the member of the Papa- 
veraceae in which the gynaeceum differs most obviously from that of Papaver 
—shows that the theory outlined above makes it possible to relate these two 
extreme types, and thus to bring the gynaeceum structure of the Papaveraceae 
under a unified conception. 
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The Effects on the Rates of Transpiration and Absorption 
of Small Variations in the Pressure in the Xylem Tracts! 


BY 
E. C. HUMPHRIES, Ph.D. 


With five Figures in the Text 


INTRODUCTORY 


Ayaouce it still appears to remain debatable whether tensions of any 

considerable magnitude are set up in the water columns of actively 
transpiring trees, it is at least generally agreed that the pressure in the tracts 
may become reduced below that of the atmosphere. A pressure deficit is then 
said to be created (Haines, 1928). The effects of relatively high pressure 
deficits upon transpiration and absorption rates are in course of investiga- . 
tion by Haines (1935, 1935a, 1936), but only a preliminary communication 
(Haines, 1936a) has so far appeared on the effects of very small deficits. 
Since these appeared anomalous it was suggested to the writer that they should 
be reinvestigated. The reinvestigation was purposely carried out without 
knowledge of the results already obtained by Haines (1936), but the same 
unexpected general conclusions were reached in most cases. In the experi- 
ments here described the effects of both small deficits and small positive 
pressures have been dealt with together, since it was found that the latter 
could be conveniently investigated with the same apparatus. 


EXPERIMENTAL 
Series I. 


Preliminary experiments were carried out with a simple form of apparatus. 
This consisted of a long glass capillary tube, approximately x metre in length 
and of 1 millimetre bore. At the top of this tube was fitted a cylindrical funnel, 
while the bottom was connected by a length of pressure tubing with a glass 
cup containing mercury. A rubber stopper with two holes was fitted into the 
top of the funnel. Through one hole the stem of a tap funnel passed, and 
through the other the experimental branch. 

A satisfactory joint between the rubber stopper and the stem for the range 
of pressure used was made in the manner described by Haines (19362). A 
scale graduated in millimetres was placed behind the vertical glass capillary 


* From the Botanical Department, Queen Mary College. Part of a thesis approved for the 
degree of Doctor of Philosophy in the University of London. 
{Annals of Botany, N.S. Vol. II, No. 7, July 1938.] 
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tube. A quantity of mercury was introduced into the glass cup, pressure 
tubing, and capillary tube. The rest of the apparatus was filled with water. 

In an actual experiment, a positive pressure of approximately 40 cm. of 
mercury was applied to the cut end of the branch by raising the mercury 
cup and noting the difference in level between the mercury menisci, the tap 
being closed. The rate of absorption in successive minutes was observed by 
reading the height of the mercury meniscus in the capillary tube. From these 
readings the pressure at any given minute could be calculated, allowance 
being made for the column of water above the mercury. During an experi- 
ment the branch was subjected to constant illumination supplied by 1oo- 
watt lamps. : | 

By absorption of water the plant itself reduced the pressure at its cut end, 
so that during the course of each experiment it experienced a change from 
a positive pressure to a pressure deficit. It was not found possible in most 
cases to obtain reliable results below —30 cm. of mercury pressure as air was 
drawn through the plant. 

The kind of result obtained is shown by the figures for a branch of Acer 
pseudoplatanus plotted in Fig. 1. The rate of absorption is given in terms of 
meniscus movement in centimetres per minute. Absorption rates are plotted 
against time as the tract pressure gradually falls. It can be seen from the 
graph that after the plants have been absorbing water for some considerable 
time and the tracts are actually experiencing a pressure deficit the absorption 
rate increases for a period, although at the same time the pressure deficit 
is also increasing. In other experiments with Acer definite increases in the 
absorption rate were found when the pressure in the tracts was well below 
that of the atmosphere. 

Similar experiments were carried out with branches of Tilia Europea, and 
here also there was a slight increase in the absorption rate of the cut end of 
the branch when the pressure in the tracts had fallen below that of the 
atmosphere. The results of four such experiments are shown in Table I. 

In a third set of experiments branches of Ligustrum sp. were used. In all 
experiments with this material there was a continuous fall in the absorption 
rate as the pressure in the tracts was reduced. There was no approach even 
to a period when the absorption rate remained constant. Results from typical 
experiments are given in Table II. 

Thus contrary to expectation, the absorption rates in the case of Acer and 
Tilia are shown to increase after subjection to small pressure deficits, while 
with Ligustrum no such anomalous effect is observed. 


Series IT. 


Although the varying deficits set up by the above method of experimenta- 
tion are no doubt more comparable with those set up in nature, it appeared 
nevertheless desirable to investigate also the effects of constant deficits. The 
absorption rates under constant deficits were determined by means of the 
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special form of potometer shown in Fig. 2. The potometer reservoir, A, 
carrying the plant and tap funnel for refilling in its upper end, communicated 
below through a three-way tap, B, with the similar glass bulbs, c and D, fixed 
ona wooden mount, £. Of these, c was connected by a long piece of pressure 
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Fic. 1. Acer pseudoplatanus. Plotted results of an experiment to show changes in 
absorption rate with time during decreasing tract pressure. The pressure in the tracts is 
at first positive, but changes to a gradually increasing pressure deficit as the plant absorbs 
water. The point at which the pressure becomes atmospheric is indicated by the arrow. 
Note the rise in the values as a deficit is established. 


2 40 


tubing with the mercury reservoir, F, which could be raised or lowered to 
control the pressure in A, and D was connected indirectly with the capillary 
tube, G, in which the absorption rate was measured by the travel of a mercury 
meniscus over the scale, Q, in the usual way. On account of the varying 
pressure required in A, and set up by raising or lowering the mercury reservoir, 
F, provision had to be made for the scale tube, G, to be moved correspondingly 
up and down. Preliminary experiments showed that if it were merely con- 
nected by a length of pressure tubing in the same way as F, serious errors 
and difficulties arose through the extensibility of the tubing. These were 
966.7 xx 
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TABLE I 


Amounts of Water absorbed by Branches of Tilia Europea during Successive 
Five-minute Intervals in Scale Divisions. (In the actual experiments the rate 
was observed at intervals of one minute) 

The pressure was gradually reduced by the plant itself during absorption (see p. 02). 
Note the rise following the vertical stroke in each experiment. 
Experiment 1. 
10°65 81 61 4°55 3°4 3° | 2:95 3:05 3:10 3°00 2°85 2°80 2°85 2°65 
2°70 2°65 2'50 2°50 2°35 2:10 
Experiment 2. 
34°90 5°99 3:2 2:95 285 21 2:0 | 2:0 2°05 215 2:20 2:10 2:10 2:05 
2°00 2:00 
Experiment 3. 
3425 855 41 405 3:9 | 365 38 3°7 3°85 3°75 3:60 3:40 3:20 
Experiment 4. 
26°38 62 3:2 2°85 2°65 2:40 2:40 2°35 | 2:25 2:30 2:20 2:20 Zaks 
2°10 2°15 2:10 2:20 2:10 2:20 2:00 2:00 1°65 


TABLE II 


Amounts of Water absorbed by Branches of Ligustrum sp. during Successive 
Five-minute Intervals in Scale Divisions. (In the actual experiments the rate 
was observed at intervals of one minute) 

The pressure was gradually reduced by the plant itself during absorption (see text, 
p. 666). In expt. 7 the corresponding falling pressures are also given. 

Note the continuous fall in the values. 
Experiment 5. 15°7 61 5°3 4°85 4:45 430 410 385 3-75 3°60 3:20 
Experiment 6. 8-4 4:7 4:0 3°55) 3°35." 3°30 43°10 .3°O §3°0.)2-90 2:0 aay 


Experiment 7. Absn. rate: 9°25 5:6 SIS 47 4:4) (4°25) s4i0g 

Press. (cm./Hg): 26°7 21:3 16:5 12:2 — Ao, = 

Absn. rate: 3°95 3°95 SIO 21°85 2°90 2°15 175 1°25 
Press. (cm./Hg):, —3-3. =) =7-5  — STHS (08 EG 19 78 22655 


obviated by the arrangement shown in F ig. 2 in which the connexion with c 
is made by a thick-walled glass tube, u, approximately r metre in length, 
and two very short pieces of rubber pressure tubing, jj. The tube, c, was 
mounted on a board, k, supported on a wooden arm, L, from the board, E. 
The wooden arm, L, was arranged parallel to the long capillary tube, H, and 
pivoted at points M, N, the same distance apart as the centres of the rubber 
connexions Jj. The fixings at m and N were by means of bolts and fly-nuts 
which conveniently allowed the board, kK, and measuring tube, G, to be fixed 
at any required height relative to a. To reduce the strain on the arm, L, and 
to facilitate raising and lowering, the board, x, carrying the scale tube was con- 
nected by a cord passing over a pulley, 0, with a counterbalancing weight, p. 

To carry out an experiment, the plant was inserted through the rubber 
stopper by the method referred to above (p. 665) and left for at least half an 
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hour to attain saturation. Readings of the absorption rate were then taken at 
atmospheric pressure. The tap, B, was set to place a and D in communication, 
and the height of K was adjusted until the mercury meniscus in G remained 
on the zero of the scale, 9, when the tap funnel was open to the air and the 


Fic. 2. Apparatus for following up absorption rates under constant positive pressures or 
constant pressure deficits. For explanation see text, p. 667 et seq. 


contents of A therefore at atmospheric pressure. When the tap of the tap 
funnel was closed the mercury meniscus moved along the scale. The distance 
that the meniscus moved in one minute was noted. Ignoring the small pres- 
sure due to the water column in the tap funnel, as long as the mercury 
remained in the horizontal part of the measuring tube the pressure at the 
cut end of the branch was the same as that of the atmosphere. Successive 
readings could be taken by opening the tap of the funnel and allowing the 
mercury meniscus to return to zero on the scale in the usual way. When the 
rate of absorption at atmospheric pressure reached a steady value the pressure 
in A was raised by a small amount (e.g. 10 cm. of mercury) by raising the 
level of K, putting A, Cc, and D all into communication by means of the three- 
way tap, B, and raising the mercury reservoir, F, until the mercury meniscus 
again just reached the zero on the scale tube, Q. The exact pressure applied 
could then be read off by the difference between the levels of the mercury 
in F and c on the scale, s. To take a reading, the tap, B, was then set to allow 
communication only between A and D, and the rate of movement of the 
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mercury in the graduated tube, G, again noted. The pressure on the cut end 
could be maintained by raising the mercury cup from time to time and 
putting all limbs into communication, a being refilled between readings 
from C instead of from the funnel. 

Readings of the absorption rate at constant pressure were taken at intervals, 
and when the rate became steady the pressure was again returned to atmo- 
spheric by lowering the mercury cup and scale-tube mounting and opening 
the top tap. 

‘ In order to obviate the risk of leakage past the three-way tap, B, between 
c and A or C and D, the pressure in C was maintained the same as that in A 
and D during experiments whether otherwise necessary or not. No leakage 
through B to the outside tended to occur. Throughout the experiments of 
this series the branches used were of Tilia Europea. Very consistent results 
were obtained, and it was therefore not considered necessary to perform a 
large number of experiments at each pressure. The pressures used were 
+40, +30, +20, +10, —1I0, and —20 cm. of mercury. The results are 
given in Table III and Fig. 3. Two experiments at each pressure are quoted. 

On application of a positive pressure of 40 cm. of mercury the absorption 
rate increased to two or three times the original rate at atmospheric pressure, 
but rapidly fell again and reached a nearly constant rate (still above the 
normal) after approximately go minutes. On returning to atmospheric 
pressure the rate of absorption fell below the original at atmospheric pressure 
and then showed a tendency to increase. After this it remained at a constant 
value (Table III, expts. 8 and g, and Fig. 3, a). 

A parallel march of changes was obtained with positive pressures of 30 cm. 
mercury, except that the initial rise in the absorption rate on applying the 
pressure was not so great as at a pressure of 40 cm. of mercury (Table III, 
expts. 10 and 11, and Fig. 3, 6). 

When a positive pressure of only 20 cm. of mercury was used the rise in 
absorption rate was not so marked as in either of the preceding cases, and the 
subsequent falling off was also less rapid (see Table III, expts. 12 and 13, 
and Fig. 3, c). An excess pressure of 10 cm. of mercury caused only a slight 
rise in absorption rate and equilibrium was soon attained (Table ITI, expts. 
14 and 15, and Fig. 3, d). Thus, as was to be expected, the initial absorption 
rate was greater the greater the pressure applied. 

The experiments using pressure deficits of 10 and 20 cm. of mercury 
proved of interest because they substantiated the results of Series I. Reference 
to Table III, expts. 16 and 17, and Fig. 3, e, will show that on first applying 
a pressure deficit of 10 cm. of mercury the absorption rate fell slightly, but 
soon began to increase again and eventually exceeded the original rate at 
atmospheric pressure. On returning to atmospheric pressure the absorption 
rate further slightly increased. Although a pressure deficit of 20 cm. did not 
cause the absorption to exceed the original rate, after the deficit had been 
in operation the absorption rate slowly increased to a level somewhat above 


671 


Absorption of Small Variations in Pressure 


400 


350 


300 


250 


200 


150 


100 


oO 


[@) (o) 
wn fo) in 


NOON a 
Absorption Rat 


oO 
te) 


ee ees 


200 

150 
100 
100 


ro) 
in 
N 
& 


{ 


Time ~ Hours 
owing changes in absorption rate with time under various constant 


Fic. 3. Graphs sh 


positive pressures and constant pressure deficits. 


672 Humphries—Effects on Rates of Transpiration and 


that when the pressure deficit was first applied (see Table III, expts. 18 
and 19, and Fig. 3, f). 
TaBLeE IIT 


Successive Readings of Absorption Rate in Scale Divisions on the Application 
and Release of Various Pressures artificially applied (see text, p. 670) 


To economize in space the time relations have been omitted from the table but may be 
appreciated from Fig. 3, in which these results are plotted as graphs. All values are given, 
moreover, only as percentages of the original constant rates before artificial pressures were 
applied. In each experiment the first group of figures gives the initial rate, the second the 
successive rates observed (not necessarily at equal intervals of time) under the applied 
pressure, and the third the rates read after the pressure was released. Two experiments are 
quoted for each pressure. 


Experiment 8 9 tO) > fl IZ OISe P14 15) 80°) 87) AS at 
Pressure 
applied in +40 +40 +30 +30 +20 +20 +10 +10 —10 —10 —20 —20 
cm./Hg 
Initial absn. 98 88 89 IOI 97. 90 
rates 100 102 98 99 92 100 96 100 99 100 100 
I00 100 I00 I00 100 100 100 100 100 100 100 100 


Absorption 341 242 235 333 229 227 122 113 97 88 34 38 
rates under 338 232 213 304 222 216 122 110 102 88 aG oe 
pressures 310 227 200 286 212 211 122 105 111 88 gure GG 

304 221 195 286 200 207 122 105 114 96 37 59 
296 205 184 265 190 200 118 100 116 96 56 62 
290 200 180 259 182 196 115 98 tar 96 59 62 
282 189 176 259 182 189 109 88 125 97 62 462 
276 179 170 237 184 189 100 88 132 104 62 

270 189 129 240 168 176 93 79 104 

262 176 127 215 176 172 90 74 104 

256 170 136 197 168 158 tly GR 

209 164 133 194 149 153 86 472 


186 158 127 157 149 83 72 
170 147 120 160 144 71 
150 139 III 160 140 
147 120 104 Iso 136 
116 131 
116 127 
122 
Absorption 5971 > 923,840 070, a 5i 58 1 SRI Ah ET2ObETOG 130 
rates after 02-974, $275 O11. SI 64° %6r 59. 142 II7 100 93 
release of 63 36 84 67 59 117 100 g3 
pressures 38 95 67 59 
38 
Series III 


Since the foregoing experiments showed that a pressure deficit was nor- 
mally followed by an increase in the rate of absorption, it was decided to deter- 
mine also whether there was a corresponding effect on the rate of transpiration. 

In order to investigate this, the transpiration rates were found by weighing, 
the plant being placed in a special kind of vessel (a, Fig. 4) suspended from 
a balance and flexibly connected through a reservoir, B, with the manometer, 
c, and a pump, by which the pressure of the water supply in A could be 
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controlled at will. The cut end of the branch was fitted through the single 
hole in the rubber stopper of the shorter limb of the J-tube, a (Fig. 4) by the 
method already referred to (p. 665). The longer limb of the J-tube was bent 
at right angles and drawn out into a fine process with a small bulb near the 
end to fit a length of bicycle-valve tubing by which it was connected to the 


‘4 TO PUMP 


Fic. 4. Apparatus for following up changes in transpiration rate by the weighing method 
when the plant is subjected to constant positive pressures or constant pressure deficits. 
Insets: a shows the longitudinal groove ground in the key of the tap, D, of the manometer; 
b shows the setting of the tap for measuring reduced pressures, and c the setting of the tap 
for measuring increased pressures. For full explanation see text, p. 672 et seq. 


glass reservoir, B, of approximately 200 c.c. capacity. A close spiral of thin 
Eureka wire was threaded into this valve tubing throughout its whole length 
in order to prevent its collapse under reduced pressure. The manometer was 
specially constructed to allow both positive pressures and pressure deficits 
to be read on the same scale. It consisted of a continuous loop of glass tubing 
(Fig. 4) with the bulb, £, and a three-way tap, D, in one vertical limb, and 
the other vertical limb constituting the scale tube. A longitudinal groove was 
ground in the back of the key of the tap as shown in Fig. 4, inset a, to allow 
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communication between the corresponding tube and the atmosphere. Thus 
for measuring positive pressures, x and y could be set into communication, Z 
being open to the air via the groove; and to measure deficits x and z were 
set into communication, Y being open to the air. The settings of the tap are 
shown in Fig. 4, insets 8, c. 

The whole apparatus was enclosed in a specially constructed transpiration 
chamber. Communication between the tap, F, and the pump was made by 
a piece of pressure tubing passing through a hole in the wall of the chamber, 
the pump being placed outside. 

The transpiration chamber consisted of a wooden cabinet approximately 
1-5 m. in height, 1 m. in length, and 0-6 m. deep fitted with sash windows 
at the front and sides so that the air could be freely admitted when desired. 
At the same time the plant inside the chamber was completely shielded from 
draughts. The cabinet was sufficiently large to allow experiments to proceed 
for several hours without any appreciable change in the relative humidity 
of the atmosphere inside. A balance capable of carrying 1 kilogram and sensi- 
tive to 1 centigram was mounted on the top of the transpiration chamber. 

A suspension from the left arm of the balance carrying the vessel, a, hung 
centrally inside the chamber through a small hole in the roof, while a suspen- 
sion from the right-hand beam of the balance carried a pan for weights and 
hung outside the chamber on the right-hand side. All weighing operations 
were therefore conducted without opening the chamber, the raising and lower- 
ing of the beam being effected by a system of levers operated from bench level. 

An experiment was carried out in the following manner. A plant was 
fitted through the stopper of a (Fig. 4) in the usual way (cf. p. 665) and this 
fitted into the J-tube, which was already filled with water. The valve tubing 
was then connected to the other limb of the J-tube which was suspended 
from the balance arm, and then the rate of transpiration followed up by 
noting the times at which successive equal amounts of water (usually 0-1 gm.) 
were lost. When the rate of transpiration became constant it was assumed to 

have reached equilibrium under the new conditions and the water supply 
was then subjected to a certain pressure by means of the pump. This par- 
ticular pressure could be maintained sensibly constant by occasional adjust- 
ment with the pump, the tap which communicated with the pump being 
otherwise closed. 

Several experiments were performed in which the cut end of the branch > 
was subjected to a constant positive pressure. The transpiration, however, 
appeared to be affected very little by the application of pressures up to 40 cm. 
of mercury. The apparatus was not suitable for pressures above this value. 
As was foreshadowed in the first two series of experiments, by far the most 
interesting results were obtained when the plant was subjected to a small 
constant pressure deficit. 

The most marked changes in the transpiration rate, like those in the 
absorption rate (Series I, p. 666),-occurred with branches of Acer. In the 
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majority of experiments, as soon as the deficit was applied there was an im- 
mediate rise in the transpiration rate which sometimes continued for as long 
as an hour. The transpiration rate then fell steadily for approximately another- 
hour, finally reaching a value of from 40 to 50 per cent. below the original 
rate at atmospheric pressure. When the pressure was restored to normal 
the transpiration rate began to rise again in most cases. Sometimes there 
was a secondary rise in the transpiration rate when the pressure was again 
raised to that of the atmosphere. 

The figures obtained in three experiments on detached branches of Acer 
pseudoplatanus are given in Table IV and are represented graphically in Fig. 


TABLE IV 


Showing the Effects of Constant Deficits on the Rate of Transpiration of Cut 
Branches of Acer pseudoplatanus 


Experiment No. 20 ayy 22 
Pressure deficit 20 cm./Hg. 30 cm./Hg. 30 cm./Hg. 
Timein Absn. Timein Absn. ‘Timein Absn. 
minutes. rate. minutes. rate. minutes. rate. 
fo) 100 fo) 100 ° 100 
Deficit applied 10 108 II 112 10 100 
22 118 26 127 19 116 
41 109 43 138 27) 128 
67 55 58 138 46 124 
72 47 75 122 58 135 
89 98 74 130 
103 74 84 94 
117 74 101 82 
137 69 125 73 
143 69 
Deficit released 85 31 150 76 156 67 
107 41 164 76 180: 71 
140 5° 180 86 193 78 
164 75 196 104 218 78 
185 gI 218 128 267 86 
197 80 234 150 
214 68 245 164 
255 _127 
265 99 
272 99 


5, a. Out of twelve experiments with Acer by this method, only three failed 
to show a rise in the transpiration rate after the pressure deficit had been ap- 
plied. It was not found possible to determine the cause of these discrepancies. 

Similar experiments were carried out using branches of Tilia Europea. 
In the majority of cases a similar effect was observed, the rise in transpiration 
rate being obvious immediately the deficit was applied, but the subsequent 
fall in the rate was extremely rapid, and about an hour after the deficit was 
first applied, the transpiration rate was only about 30 per cent. of its original 
rate at atmospheric pressure. This is clearly shown in Fig. 5, 6, which has 
been constructed from the readings in Table V. 
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Fic. 5. a. Acer pseudoplatanus. Graphs plotted from the figures in Table IV to show changes 
in transpiration rate under various constant pressure deficits. A (expt. 20) at —20 cm. 
mercury, B and C (expts. 21 and 22) at —30 cm. mercury. The points of application and re- 
lease of the deficit are indicated by the arrows. b. Tilia Europea. Graphs plotted from the 
figures in Table V to show changes in transpiration rate with time under constant pressure 
deficits. A = expt. 23, B = expt. 24, and c = expt. 25. Pressure deficit = 50 cm. mercury 
throughout. 


TABLE V 


Showing the Effects of Constant Deficits on the Rate of Transpiration of Cut 
Branches of Tilia Europea 


Experiment No. 23 24 25 
Pressure deficit 50 cm./Hg. 50 cm./Hg. 50 cm./Hg. 
Timein Absn. Timein Absn. Timein Absn. 
minutes. rate. minutes. rate. minutes. rate. 
° b fore) ° 100 ° 100 
Deficit applied 9 104 29 220 II 127 
17 168 44 138 24 104 
28 114 143 52 30 112 
41 67 166 32 62 68 
47 59 184 41 78 38 
67 32 97 29 
138 18 
Deficit released 75 38 186 12 190 21 
89 34 199 28 223 21 
138 31 225 48 292 23 
185 32 282 43 2371 22 


Out of fifteen experiments with cut branches of Tilia, five showed no 
increase in transpiration rate under a deficit. A few experiments were carried 
out on branches that were cut and kept in water a day before using so that 
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there would be no doubt that they were fully saturated at the time of experi- 
ment. Some failed to give any increase in transpiration rate during the 
experiment, but in the majority there was a small increase. This was not so 
marked as in the experiments on freshly cut branches which were only given an 
hour or so to attain saturation. It does not appear, however, that the effect is 
restricted to unsaturated branches or in any way an outcome of this condition. 


DISCUSSION 


The foregoing experiments have clearly established the fact that in the 
majority of cases the application of a pressure deficit to the cut end of a 
detached branch causes an increase in the transpiration and absorption rates 
of that branch, The effects found by Bakke (1915, 1918) in experiments with 
plants allowed to wilt in the laboratory will naturally be recalled to mind. 
In these cases, however, an increase in transpiration was not evident until 
about five days after wilting had begun. Nevertheless, the conditions in the 
tracts of the wilting plants must have been similar in kind, if not in degree, 
to those in the present experiments. Bakke accounted for the increase in 
transpiring power on the supposition that at a certain point the tension in 
the water columns became so great that they were suddenly ruptured, and 
this had the effect of decreasing the saturation deficit of the leaf cells and 
allowing temporarily increased evaporation to result. It seems that this 
assumption is open to question since an analogous increase in transpiration 
rate has been found in the present experiments, where a known pressure deficit 
was applied to the water columns, the deficits being so slight that they could 
not possibly cause the columns to break. Bakke’s explanation cannot be ap- 
plied in the preserit case moreover, since in the majority of cases recovery inthe 
transpiration rate occurred when the pressure of the water supply was returned 
to normal, and this could not happen if the plant had permanently wilted. 

Results more closely resembling those of the present series were obtained 
by Knight (1922). He found that on depriving a detached branch of its 
water supply, by closing a tap in a potometer, in the course of a few minutes 
the transpiring power of the leaves began to increase to a maximum which was 
attained in about forty minutes. The increase was about 50 per cent. above 
the rate of transpiration immediately before the tap was closed. This agrees 
very Closely with the results obtained in Series III of the present investi- 
gation (pp. 675-6). It is evident that as soon as the water supply of the 
branch is stopped, as in Knight’s experiments, a pressure deficit is inevitably 
set up in the tracts, because evaporation from the leaf cells continues in the 
absence of water supply. Strictly speaking, therefore, the conditions in the 
plant, both in the experiments of Knight and of Bakke, are similar, although 
the latter held that the increased transpiration only took place as a result 
of ‘permanent wilting’. Knight attributed the increased transpiration rate to 
increased stomatal opening, but was of the opinion that ‘undoubtedly there 
are other factors concerned in determining the extent of the increase’. He 
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found that in some cases the transpiration rate tended to increase before any 
stomatal movement became evident. Bakke also found no evidence for 
stomatal movement during the phase of increased transpiration. 

In the experiments of the present series stomatal movement was not 
followed up by a porometer, but frequent tests by the injection method 
(Maximov, 1929) failed to indicate any change. However, since that method 
is open to serious objection in connexion with the present problem, a series 
of experiments are contemplated using a single leaf in which absorption, 
transpiration, and stomatal aperture will be followed simultaneously. Pre- 
liminary experiments have already shown that single leaves show the same 
sort of effect as that here recorded. 

It is interesting to note that the first series of experiments (p. 666) show 
clearly that the rate of absorption is also affected by the deficit (though not 
to such a large extent as the transpiration) and tends to increase for some 
time after the deficit has been applied. This suggests that the immediate 
effect of applying the deficit is connected with the leaves and that increased 
absorbing power is a secondary outcome of this effect. 

The results shown in Fig. 5 clearly indicate that the rise in transpiration 
rate is not necessarily proportional to the deficit applied since a rise of about 
40 per cent. occurs when a deficit of either 30 cm. or 50 cm. is applied. It 
may well be that there is a critical deficit, below which no rise in transpiration 
will take place and above which the transpiration rate will increase but not 
necessarily proportionally to the pressure. In this connexion it is to be noticed 
that no increase in absorption rate tends to occur with detached branches 
of Privet when subjected to an increasing deficit. Consequently, the fact 
that the increase in transpiring power observed by Bakke did not occur until 
five days after the water supply was cut off from the roots does not neces- 
sarily imply that this effect is not similar to the present ones and those observed 
by Knight. Bakke used intact plants of Helianthus annuus, while Knight 
experimented on cut branches of Eupatorium adenophorum and Peristrophe 
speciosa. In the present series also, cut branches were used. The conditions 
prevailing in a cut branch are necessarily different from those in an intact 
plant. It seems likely that under the conditions used by Bakke, the supply 
of water to the leaves would be quite considerable for some time after the 
supply had been cut off from the roots. On the other hand, the water supply 
in cut branches would necessarily be restricted. ‘Thus it would probably take 
longer for a deficit to be reached in the intact plant than in the cut branch. 
Moreover, the effect of increased transpiration might not be noticeable until 
a certain critical deficit had been reached. If this is the case, the present 
results and those of Bakke and Knight can be brought into line. It would 
evidently be premature to make any further suggestions on the mechanism 
of the effect before more data have been obtained. 
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SUMMARY 


The effects of small pressure deficits on the rates of transpiration and 
absorption by cut leafy branches have been reinvestigated by various special 
forms of apparatus. The experiments also show the effects of small positive 
pressures in the conducting tracts. 

Small positive pressures lead to an immediate and considerable increase in 
absorption, followed by a falling off towards a more or less constant value 
above the initial rate and depending on the pressure used. The fall to this 
value is rapid at first and more gradual later. 

Small pressure deficits cause an initial rise in both absorption and trans- 
piration rates in most cases, the effect on transpiration being the earlier and 
the more pronounced. The rise in absorption rate would therefore appear 
to be a secondary effect resulting from a more immediate effect upon trans- 
piration consequent upon some altered condition in the leaves. 

The anomalous effects of small deficits noted earlier by Haines are there- 
fore confirmed, but are not quite the same in different plants (Acer and Tilia) 
and in some are not shown at all (Ligustrum). 

Attempts are made to bring the results into line with those of Bakke and 
of Knight. 

In conclusion my thanks are due to Professor Fritsch for providing facilities 
for carrying out the work and to Dr. Haines for helpful advice and criticism. 
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1. INTRODUCTION 


[;: is evident from the literature that, when a forest tree is pruned, the 
time taken for complete occlusion of the wound depends on several factors. 
Amongst these the most important appear to be the rate of radial growth in 
the stem, the length of the snag, and the diameter of the branch. There seems 
to be some doubt as to the merits of live-pruning as opposed to dead-pruning. 
It is claimed by some authorities that the pruning of live branches leads to the 
entrance of fungi, the formation of resin pockets, and to a reduction in the 
vigour of the tree. But Curtis (1936) points out that when a dead branch is 
pruned an opportunity is afforded for fungi to enter the tree through the entire 
area of the'dead branch stub; also resin pockets are formed in the case of dead 
branch cuts due to the presence of the pitch mass borer (Parharmonia pint 
Kill.) and the pitch midge (Retinodiplosis sp.). In this country the problems 
associated with pruning are only of practical importance in connexion with 
softwoods, and this study has therefore been limited to this type of wood. It 
was also thought advisable to limit this investigation further to a thorough 
study of one species (Norway spruce), in which occlusion is exceptionally 
slow. It is hoped that the results obtained from this study may be applied to 
other softwoods later. Studies are being made elsewhere by Donald (1936) 
on the importance of various features such as branch diameter, length of 
snag, &c., and in consequence no attempt has been made in the following 
[Annals of Botany, N.S. Vol. II, No. 7, July 1938.] 
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investigation to study these features. Attention has been directed to the 
manner in which occlusion takes place. During the process of the research 
it soon became evident that there are marked differences in the manner in 
which occlusion takes place in live-and dead-pruned branches and that these 
differences are likely to affect the grain of the wood that is formed around the 
knot. The process of occlusion has been studied both macroscopically and 
microscopically. The arrangement of the tissues at the time of pruning, and 
their subsequent readjustment, are closely connected with the organization 
of the growing shoot, and it is therefore convenient to discuss the tissues in 
the young stem and branch before describing the process of occlusion in an 
older stem. 

The method employed for studying occlusion was to take serial tangential 
sections from the base of the occluded branch outwards. The sections were 
made by means of a sliding microtome, stained with safranin and mounted 
in Canada balsam. Tracings of the annual rings were made from the sections, 
and from these it was possible to work out the changes in the surface of the 
trunk wood in the region immediately surrounding the pruned branch, and 
also to trace the gradual closing over of the cut surface of the branch by the 
occluding tissue. 


2. Tissu—E CONTINUITY BETWEEN BRANCH AND YOUNG STEM 


The slender cylinder of wood in the base of a young branch is clothed with 
a cambium which is continuous with that of the main stem, both above and 
below the branch union. This continuity of the tissues from stem to branch 
is maintained on the lower side throughout the life of the branch, but on the 
upper side it is only the tissues of the bud stalk that form a continuous system 
with the wood of the stem. It will be seen in Pl. XXV, Fig. 1, that in the 
region of the crotch in a radial longitudinal section through the union, there 
is a conspicuous V-shaped zone of cells that are cut through in transverse 
section. This change in the direction of the cells above the branch is due to 
the reorientation of the cambial cells in the region of the crotch, which is 
associated with the propagation of cambial activity downwards from the buds 
of the branch and stem respectively. When the terminal bud begins to grow, 
cambial activity spreads down the stem and passes round the lateral bud, and 
this determines the orientation of the young developing tissues. When the 
lateral bud begins to grow, cambial activity spreads downwards from it on 
to the main stem. Near the main stem the cells on the top of the branch change 
their direction and turn to either side of the branch; passing round the branch, 
they are continued into that portion of the stem immediately below the point 
of entry. The branch is not firmly attached to the main stem on the upper 
side, and Pl. XXV, Fig. 2 shows an older branch which has been pulled down- 
wards, and illustrates the fact that the wood of the branch is only continuous 
with the stem wood below the branch. 

Text-fig. 1 is a sketch of the end of the extracted branch, and the shading 
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Text-Fic. 1. Sketch of the end of the extrac- 
ted branch (the shading shows the direction of 
the cells). 
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TexT-FIG. 2. Sketch of the socket in the stem from 
which the branch of Text-fig. 1 was extracted. 
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shows the direction of the cells. The lines on the top side of the branch pass 
in a horizontal direction until just before they reach the main stem, when they 
turn downwards and pass round the sides of the branch; at the lower side 
of the branch they curve inwards, and finally pass vertically downwards. 

Text-fig. 2 is a sketch of the stem showing the socket from which the branch 
was extracted. The lines indicating the direction of the cells pass vertically 
down the stem until they reach the region immediately above the socket, 
when they diverge and pass round the socket; they do not unite immediately 
below the branch but pass vertically down the stem, outside the region that 
was in continuity with the branch wood. 

Pl. XXV, Fig. 3, illustrates a tangential section through the region of the 
stem containing the socket, and shows the arrangement of the cells of the 
stem above and at the sides of the socket. The cells above and farthest 
removed from the socket are arranged more or less in vertical rows, but even 
in this region they show a tendency to be directed to either side of the socket; 
_ immediately above the socket the cells begin to curve to either side, and the 
cells on the top of the socket itself are arranged at right angles to those higher 
up the stem, and are parallel to the edge of the socket. In this example and 
in many other sections examined the majority of the cells are bending to the 
left of the socket, and, as will be pointed out later, this affects the develop- 
ment of the occluding tissue. 

Pl. XXVI, Fig. 4, illustrates a tangential section through a branch and the 
surrounding stem wood, and shows the arrangement of the cells at the point 
of junction of the stem and branch wood. Above the branch, in the region 
of the crotch, the cells of the branch meet those of the stem, and the cells 
of both branch and stem turn in a horizontal direction in this region, passing 
round the sides of the branch and down the stem. Where the cells of the 
branch and stem join, above and at the sides of the branch the tissues are 
pushed outwards with the result that a lip is formed. This lip at the sides 
of the socket is illustrated in Pl. XXV, Fig. 2, and is indicated by (xX). The lip 
is formed in the region where the stem cells are contiguous to those of the 
branch but not continuous with them. Continued growth of the stem and 
branch causes a decrease in the area of the crotch which must be accompanied 
by a readjustment of the cambial cells in that region. In readjusting itself 
to this decrease in area the cambium bulges outwards, and this results in 
the formation of the lip of tissue. This may be still further intensified if the 
cambial cells continue to increase in number; further, any increase in the 
size of the cells in the region of the crotch may add to the size of the lip. 


3. Macroscopic EXAMINATION OF THE OCCLUSION OF PRUNING Wovunps 
(a) Observations on the occlusion of dead-pruned branches. 


In spruce occlusion only takes place by the activity of the cambium of the 
stem. The cut surface of the branch is gradually covered over, mainly from 
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the top, but also from the sides; very little, if any, occlusion takes place on 
the lower side of the branch. Observations have been carried out on a number 
of completely occluded dead-pruned branches, and in all cases examined the 
method of occlusion is the same. In timber produced after occlusion is com- 
plete, the grain is always distorted, and the nature of this distortion, which 
begins immediately after the death of the branch, is modified by pruning and 
the method of occlusion. 

Grain of the wood before the death of the branch. The grain of the wood 
formed in the trunk before the death of the branch differs from that formed 
after the death of the branch. In a living branch the cambium of the branch 
is continuous with that of the trunk wood immediately below the branch, and 
is contiguous‘ with the trunk cambium above and at the sides of the branch. 
It follows that cells cut off from the trunk cambium are contiguous with those 
cut off from the branch cambium above and at the sides of the branch. Thus, 
when the branch is alive, the annual rings of the branch correspond to those 
of the trunk, even if the tissues of the trunk do not form a continuous system 
with those of the branch, above and at the sides of the branch. This is shown 
in Text-figs. 3a and 4c. Fig. 3a illustrates a radial longitudinal section of a 
live-pruned branch, and the trunk wood immediately surrounding the branch. 
The annual rings are numbered, and the year when each annual ring was laid 
down is given; the annual rings laid down in the years 1928-31 are represented 
by the oblique, horizontal, vertical, and oblique shading respectively. The 
death of the branch took place in 1931; no further annual increment was added 
to the branch after this date, and there are no annual rings of the branch 
corresponding to those of the trunk laid down in the years 1932-6. Text-fig. 
4¢ is a tracing of the annual rings taken from a transverse section through a 
dead-pruned branch, and the surrounding trunk wood. The annual rings are 
numbered, and it will be observed that the death of the branch took place 
after the wood of the ninth annual ring was laid down. The annual rings 1-9 
of the trunk curve outwards and coincide with those of the branch; there are 
no annual rings of the branch corresponding with the annual rings 10-16 of 
the trunk. Tangential sections through the branch and the surrounding 
trunk wood before the death of the branch show the annual rings as con- 
centric rings that gradually become smaller in diameter from the base of the 
branch outwards along the branch. This is shown in Text-fig. 3b and Text- 
fig. 3c which are taken in the positions indicated in Fig. 3a. 

Before the death of the branch, the annual rings of the trunk wood imme- 
diately above the branch curve outwards. This is shown in Text-fig. 4d, 
which is a tracing of the annual rings taken from a transverse section of the 
trunk wood immediately above the branch shown in transverse section in 
Text-fig. 4c. The position of the branch is indicated by the dotted lines, and 
it will be observed that the annual rings 1-7 bulge outwards immediately 
above the branch. The annual rings 8 and 9g are practically straight, and this 
is probably due to the decrease in the activity of the branch. The grain of 
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TEXT-FIG, 3. All figures are tracings of annual ring limits in Picea excelsa. a. In a radial 
longitudinal section through a live-pruned branch. 6 and c. Tangential longitudinal sections 
through the branch union figured in a, in planes aB and cp respectively. d and e. Trans- 
verse sections of trunk wood immediately above, (d), and below, (e), branch shown in a. f. 
Transverse section of trunk wood immediately below a live-pruned branch in which 
cambium only died back a short distance. No distortion of annual rings. g. Radial longitudinal 
section through a live-pruned branch. Die-back at top and bottom of the branch indicated 
by xx’ and yy’ respectively. h, Radial longitudinal section of live-pruned branch showing 
occlusion is mainly from above. (Pruned in 1931.) 
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the trunk wood immediately below a dead-pruned branch is shown in Text- 
fig. 4e, which is a tracing of the annual rings from a transverse section of the 
trunk wood immediately below a dead-pruned branch. The annual rings 1 
and 2 are those laid down before the death of the branch took place; these 
illustrate that the annual rings of the trunk wood immediately below the 
branch curve outwards. The position of the branch is indicated by the dotted 
lines, and it will be observed that the second annual ring shows a tendency 
to curve inwards immediately below the branch; this indicates that the 
activity of the branch is decreasing. The annual rings 3-9 are those laid down 
after the death of the branch, and show that there is a curving inwards of the 
annual rings immediately below the branch. It should be observed that the 
incurving of the annual rings becomes more pronounced as each successive 
annual increment is laid down. 

Grain of the trunk wood after the death of the branch. The death of the 
branch results in a change in the surface of the trunk wood surrounding the 
branch, the main characteristics of which are, firstly, a slight depression above 
the branch that separates two areas of maximum growth occurring above and 
also at the sides of the branch, and secondly, a V-shaped depression below the 
branch. These characteristics of the trunk wood surrounding the dead branch 
are shown in Text=fig. 5 which illustrates a tangential section taken before the 
occluding tissue had reached the cut surface of the branch. The slight depres- 
sion above the branch, the two areas of maximum growth, and the deep 
V-shaped depression below the branch are indicated. It was possible _to 
distinguish the early and late wood of each ring, and these are represented 
by different shades of the same type of shading, light for the early wood and 
dark for the late wood. - 

In the same figure are seen sections in various planes through the wood 
shown in surface view. At E.F. is seen the slight depression (a) above the 
branch bordered on either side by the two areas of maximum growth L and L’. 
Text-figs. 4d and 4a are tracings of the annual rings from transverse sections 
of the trunk wood above dead-pruned branches, and show that the distortion 
of the grain caused by the two areas of maximum growth increases from the 
base of the branch outwards until occlusion of the cut surface of the branch 
is complete; from this point outwards the distortion is gradually decreased, 
due to the increased activity of the tissues below and at the sides of the two 
areas of maximum growth. In Text-fig. 4a it will be observed that straight- 
grained timber is produced by the annual rings laid down from 1933 to 1936. 

The V-shaped depression (6) is shown in Text-fig. 5, section AB; the depth 
of the depression is equivalent to the width of the annual rings laid down in 
1919 and 1920. 

Text-figs. 4e and 4b are tracings of the annual rings from transverse sections 
of the trunk wood immediately below dead-pruned branches, and show that 
the distortion of the grain below the branch, caused by the slow rate of radial 
growth in that region, becomes more pronounced from the base of the branch 
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TEXT-FIG 4. (description at foot of p. 689). 
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outwards until occlusion of the cut surface is complete, and is then gradually 
decreased. 

Comparison of Text-figs. 4a and 4b shows that the distortion of the grain 
is more pronounced below the branch than above the branch; also the distor- 
tion below persists for a longer period of time than that above the branch. 
When a branch dies, the annual growth rings of the trunk are discc tinuous 
with the branch and curve inwards in the region of the branch, forming a 
slight depression which completely surrounds the branch (Curtis, 1c 16). This 
depression is shown in sections C.D. and G.H., Text-fig. 5. Section c.u. also 
shows that the occluding tissue above the branch is in advance of that below 
the branch, and this results in a distortion of the grain of the timber formed 
after complete occlusion of the branch. 

Text-fig. 4f shows that this type of distortion is still considerable twelve 
years after complete occlusion. 


(6) Observations on the occlusion of live-pruned branches. 


When a live branch is pruned, the cambium of the stump of the branch 
dies back or dries out a short distance from the cut surface of the branch, 
but does not as a rule die back to its point of junction with the cambium of 
the trunk, as in the case of a dead branch. Thus in a live-pruned branch the 
occluding tissue is derived from both the cambium of the trunk and from the 
cambium of the stump of the branch, so that the method of occlusion differs 
from that of the dead-pruned branch. The extent to which the cambium of 
the stump of the branch dies back is shown in Text-fig. 3g, which is a tracing 
of the annual rings from a radial longitudinal section through the stump of 
the branch and the surrounding trunk wood; the cambium of the branch dies 
back a greater distance at the bottom than at the top, as is indicated by the 
distances yy’ and xx’ respectively. The death or drying out of the cambium 
results in the formation of a resinous layer completely covering that portion 
of the stump of the branch where the cambium has died. The occluding 
tissue gradually closes over the cut surface of the branch, mainly from the 


TExT-FIG. 4. a. Tracing of the annual rings from a transverse section immediately above 
a completely occluded dead-pruned branch -of Picea excelsa, Complete occlusion took place 
in 1921, and maximum distortion of the grain is shown by the annual ring laid down in that 
year. 5. Tracing of the annual rings from a transverse section immediately below a completely 
occluded dead-pruned branch. Complete occlusion took place in 1922, and maximum distor- 
tion of the grain is shown by the annual ring laid down in that year. c. Tracing of the annual 
rings from a transverse section through a dead-pruned branch. d. Tracing of the annual rings 
from a transverse section of the trunk wood immediately above a dead-pruned branch. Death 
of the branch took place after the gth annual ring was laid down. Annual rings 10-17 show 
that the distortion of the grain is increasing. e. Tracing of the annual rings from a transverse 
section of the trunk wood immediately below a dead-pruned ktranch, after the death of the 
branch the annual rings curve inwards towards the centre of the tree. f. Tracing of the annual 
rings from a radial longitudinal section through a completely occluded dead-pruned branch, 
the occluding tissue laid down in 1924 below the branch, is in vertical line with the annual 
rings laid down above the branch in the two previous years. 


690 Paterson—The Occlusion of 


| iY id 


ee eee oom 
= a 
lam 


Txxt-Fic. 5. Tracing of a tangential longitudinal section through the trunk in the region 
of a completely occluded dead branch of Picea excelsa. The wood of different annual rings 
is indicated by lines in different directions, thin lines for early wood, thick for late wood. 
AB, CD, EF, and GH are sections in various planes through the same trunk, the plane of section 
being indicated. 
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top, and also from the sides of the stump, as in the case of the dead-pruned 
branch; very little, if any, occlusion takes place from the lower side of the 
stump. This is illustrated in Text-fig. 34. Observations have been made on 
more than thirty live-pruned branches, and in all cases the method of occlu- 
sion was the same. 

The effect of live-pruning on the grain of the trunk wood. It was only possible 
to observe the initial effects of pruning, since completely occluded material 
was not available. There is very little distortion of the grain of the wood when 
a live branch is pruned; this is associated with the fact that in the live-pruned 
branch the base of the branch is completely surrounded with a living cam- 
bium. In the dead branch the death of the cambium causes a groove in the 
wood above the branch, and a deep V-shaped depression below the branch, 
but in the live-pruned branch the cambium in these regions remains alive and 
the groove and depression are not formed. In a few cases of live-pruning 
there is a slight depression in the trunk wood below the branch, which is 
associated with the dying back of the cambium for a short distance down 
the main stem below the branch. The amount of distortion of the wood of 
the stem depends upon the extent to which the cambium of the stump of the 
branch dies back. Another difference between the wood surrounding a live- 
pruned branch and that surrounding a dead-pruned branch is that the annual 
rings of the wood surrounding a live-pruned branch do not curve inwards 
towards the centre of the tree, as is the case in a dead-pruned branch. This 
is due to the fact that the branch cambium remains alive at the base of a live- 
pruned branch, with the result that the rings of the occluding tissue curve 
outwards along the branch. Text-fig. 3a is a tracing of the annual rings from 
a radial longitudinal section through a live-pruned branch and the surround- 
ing trunk wood, and shows the curving outwards of the annual rings along 
the branch. The grain of the trunk wood above a live-pruned branch is shown 
in Text-fig. 3d, which is a tracing of the annual rings from a transverse section 
through the trunk wood immediately above a live-pruned branch; the annual 
rings are practically straight, and there is no incurving of the annual rings 
towards the centre of the tree as in the case of the annual rings of the trunk 
wood immediately above a dead-pruned branch. Text-fig. 3e is a tracing of 
the annual rings from a transverse section of the trunk wood immediately 
below a live-pruned branch. The years when the annual rings were laid down 
are given; the branch was pruned in 1931, and in this case the cambium of 
the branch died back on the lower side on to the main stem. The extent of 
the ‘die-back’ is shown in Text-fig. 3g by the distance yy’. Before the branch 
was pruned the annual rings of the trunk wood below the branch curved 
slightly outwards, and after pruning the annual rings immediately below the 
branch curve slightly inwards towards the centre of the tree. The distortion 
of the grain caused by this slight depression is very slight as compared with 
that in the trunk wood below a dead-pruned branch. This may be seen by 
comparing Text-fig. 4e with Text-fig. 3e. Text-fig. 3 fis a tracing of the annual 
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rings from a transverse section of the trunk wood immediately below a live- 
pruned branch, in which the cambium of the branch has died back only a 
short distance from the cut surface. In this case the annual rings laid down 
after pruning curve outwards in the normal manner and there is no distortion 
of the grain of the wood (the branch was pruned in 1931). As there is less 
‘die-back’ of the cambium with live pruning, there is a smaller area to be 
occluded. Consequently, healing tends to be more rapid, and owing to the 
absence of any groove below the branch, there is less distortion. 


4. OBSERVATIONS ON THE BREAKAGE OF SPRUCE PIT-PROPS 


Permission was obtained from the Leeds Fireclay Co. Ltd. to carry out the 
observations at Tong Lane Mine, nr. Bradford. The observations were made 
on the main return road, where the replacement of broken props was an 
expensive and serious matter, in fact so much so that the props and bars are 
now being replaced by brick side-walls, and steel girders. Observations were 
also carried out on several of the ‘tramming’ roads. The dimensions of the 
props examined varied from 4 to 5 ft. in length, and from 4 to 5 in. in diameter. 
In all the cases examined breakage had taken place at the whorl of knots, see 
Pl. XXVIT, Fig. 5;in the majority of cases the break was confined to this region 
only, but in a few cases the break had begun at a knot and spread obliquely 
across the prop above the whorl of knots. It was also observed that straight, 
smooth, clean (free from knots) props had withstood the pressure as also 
had sawn square (4 in. x 4 in.) ‘legs’ free from knots. The observations on 
the position of breakage point out that any defect in the form of a whorl of 
knots in timber used for mining purposes is a serious source of weakness. It 
is evident from the previous observations on the arrangement of the tissues 
of a young stem and branch that this weakness at the whorl of knots is 
associated with the arrangement of the tissues at the point of junction of the 
branches with the main stem. The wood of the branch is contiguous with 
that of the main stem both above and at the sides of the branch, and the 
wood of the branch is only continuous with that of the main stem below the 
branch; hence at the whorl of knots the area of vertically continuous wood 
subjected to pressure is considerably reduced. As a result of this, the pressure 
per unit area in this region is increased beyond the breaking point. If, there- 
fore, the area of vertically continuous wood can be increased at such a point, 
e.g. by pruning (when a complete continuous vertical cylinder of wood is 
produced), then the pressure per unit area at the position of the whorl of 
knots is decreased as is also the tendency to break at this point. 


5. Microscopic EXAMINATION OF THE OCCLUSION OF PRUNING WouNDS 


In the spruce the occluding tissue is derived solely from the activity of the 
cambium, and the arrangement of the cells has an important bearing on the 
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process of occlusion, as the cells of the wood and bast have approximately the 
same shape as the cambial cells which produce them. In the live branch, as 
the cambial cells of the main stem above and at the side of the branch do 
not form a continuous system with those of the branch, they are little affected 
by the drying out of the wound surface. This drying effect tends to follow 
the course of the tissues and thus to reach the main stem below the branch. 
On the upper side of the branch the cambial cells themselves are turning at 
right angles to the branch axis, and even if several cells dry out and die, this 
injury will only extend a very short distance on to the trunk. Thus, after 
pruning a live branch, the drying out of this cambium is more extensive on 
the trunk beneath the branch. When a branch dies its cambium as a rule dies 
back to its point of junction with that of the trunk, the effect spreads to the 
trunk cambium and in an area around the base of the branch, and in a V- 
shaped area below the branch no living cambium is left. 

It follows that in the dead-pruned branch the occluding tissue must be 
derived from the activity of the trunk cambium, but in the live-pruned branch 
the occluding tissue is derived partly from the activity of the trunk cambium 
and partly from the activity of the cambium surrounding the base of the 
branch. This absence of a living cambium at the base of a dead-pruned 
branch greatly retards the occlusion of the branch, since before occlusion can 
take place the cambial cells of the trunk surrounding the area have to grow 
to fill the gap at the base of the branch. The spreading of the trunk cambium 
over this area at the base of the branch is accompanied by a reduction in 
radial growth, so that the annual rings of the trunk dip inwards in the imme- 
diate vicinity of the branch, and this continues until the area at the base of 
the branch has been covered with living cambium. These areas at the base 
of the branch and on the trunk immediately below the branch cause distortion 
of the grain of the trunk wood, and the greater the area to be covered, the 
greater the distortion of the grain. In some cases two to three years are needed 
for the trunk cambium to spread over this area on the trunk below the branch, 
whereas the area above and at the sides of the branch is covered with a living 
cambium in one year after the branch has died. Consequently, the develop- 
ment of the occluding tissue above the branch is in advance of that below 
the branch, but once there is a complete cambial sheath surrounding the base 
of the branch, occlusion of the stump of the branch is governed by the rate 
of radial growth of the trunk. Pl. XXVI, Fig. 6, illustrates a tangential section 
through a dead-pruned branch and the surrounding trunk wood, and shows 
that occlusion of the branch takes place mainly from the top and sides of the 
branch. It will be observed that in this case the occluding tissue is-advancing 
obliquely over the cut surface of the branch, and that the occluding tissue on 
the left is slightly in advance of that on the right of the branch. In many 
branches this lip of occluding tissue is more oblique than in the example 
shown and appears to be associated with the manner in which the cells of the 
trunk cambium diverge and pass round the branch; in this example it will be 


694 Paterson—The Occlusion of 


seen that the majority of the cells pass to the left, that is, there is a right- 
handed spiral grain in the wood above the branch (Champion, 1925). 

In a live-pruned branch occlusion begins immediately the cambium be- 
comes active, as the base of the branch is completely surrounded by a living 
cambium, and there is therefore no time-lag except in a few cases in which 
the cambium has dried out for a short distance down the trunk below the 
branch. Pl. XXVII, Figs. 7 and 8, illustrate radial longitudinal sections 
through live-pruned branches and the surrounding trunk wood, and show 
that the cambium only dies back a short distance from the cut surface of the 
branch. Fig. 7 also shows occlusion taking place from the top of the branch, 
and it will be observed that occlusion of the cut surface of the branch began 
in the first growing season after pruning and was practically complete 
six years later. A slight resin pocket was formed between the occluding tissue 
and the cut surface of the branch, but the resin was removed in sectioning. 
The photograph also illustrates the abundant development of vertical resin 
canals in the trunk after pruning. Radial resin canals in the fusiform rays are 
also abundant in the occluding tissue over the cut surface of the branch, but 
can only be seen in tangential section. 

The occluding tissue is derived mainly from the cambium of the stump of 
the branch, which remains alive after pruning, but occlusion is also assisted 
by the general downward movement of the cambium as a whole, after the 
occluding tissue has reached the cut surface of the branch. This downward 
movement of the cambium is indicated by the direction of the rays before 
and after pruning. The direction of the rays before pruning is obliquely 
upwards and outwards, but immediately after pruning the direction becomes 
practically horizontal, and finally is slightly downwards. Priestley (1936) 
points out that in the normal stem the rays represent rigid bars of vacuolated 
tissue traversing a semi-fluid layer of meristematic cambium; this change 
in the direction of the rays after pruning is due to an alteration of the forces 
holding the cambial cells in a fixed position. The fact that the occluding 
tissue in the case of a live-pruned branch is derived from the cambium of 
the branch is evidence for the lateral stimulation of the cambium, as the 
cambial cells of the trunk are not continuous with those of the stump of the 
branch. After occlusion is complete, there is a gradual reorientation of 
the cambial cells, until they become regularly arranged as in the normal stem. 


6. ReEstn PRODUCTION IN PRUNED BRANCHES 


In both live- and dead-pruned branches resin is only present in that 
portion of the branch which is not in symplastic continuity with the wood 
of the main stem. The black ‘loose’ knot of timber is formed by the com- 
plete occlusion of a dead-pruned branch, and resin is only present in that 
portion of the knot which is loose. The length of knot which is loose depends 
upon the length of the ‘snag’ left after the dead branch was either broken off 
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or pruned. Resin is not produced in a dead branch, nor is resin produced 
in that portion of the snag of a dead-pruned branch which is not buried by 
the occluding tissue. Samples of living, moribund, and dead branches were 
collected and tested for starch, oil, and resin. 

The ray cells of the live branch were packed with starch; those of the mori- 
bund branch contained very little starch, and there was a complete absence 
of starch from the ray cells of the dead branch. Sections were stained with 
Sudan ITI, and in all cases there was a complete absence of oil or fat in the 
wood. Sections were placed in a saturated solution of copper acetate, and 
left for 1-3 weeks; in all cases there was a complete absence of resin. 

The complete absence of starch, oil, or resin in the dead branch, and the 
small amount of starch in the ray cells of the moribund branch, is evidence 
for the complete respiration of all available food reserve before the death 
of the branch takes place. Swarbrick (1926) records that the production of 
‘wound gum’, which blocks the tissues of a pruned branch, is associated with 
the disappearance of starch from the parenchyma cells. 

From the observations it is obvious that there can be no production of resin 
from starch in the case of the dead branch, but when a live branch is pruned 
there is a small amount of resin or wound gum produced near the cut surface; 
this production of wound gum may be due to a drying out of the tissues 
at the cut surface of the branch resulting in a change in the metabolism of 
the parenchyma cells in that region, and a conversion of starch into wound 

m. 

All the resin in a dead-pruned branch, and most of the resin in a 
live-pruned branch, is produced by the occluding tissue. ‘There is an influx 
of wound gum into the ‘snag’ of the dead-pruned branch from the occluding 
tissue surrounding the snag. The resin is not uniformly distributed through- 
out the ‘snag’ of the dead-pruned branch; there is a gradual reduction in the 
amount of resin in the tissue from the periphery to the centre, that is, there 
is a penetration of wound gum from the occluding tissue into the ‘snag’ of 
the branch as is shown by the resin gradient. Further evidence for the influx 
of wound gum from the occluding tissue is the increase in the number of resin 
canals in the occluding tissue as compared with the normal tissue, and the 
presence of resin in the cells of the occluding tissue surrounding the snag of the 
branch, see Pl. XXVI, Fig. 6. In the case of the live-pruned branch a cover- 
ing of resin is produced on the outside of the branch in the region where the 
cambial sheath has died or dried out; no such resinous covering is produced 
in the case of a dead branch. From the evidence it is apparent that there is 
no blocking of the cut surface of a dead-pruned branch, and there is no 
effective blocking of the branch until occlusion begins, that is, not until the 
trunk cambium is reactivated in the growing season. In the live-pruned 
branch, however, a certain amount of blocking of the cut surface of the 
branch takes place, and the branch is less open to the danger of fungal 
infection, a point in favour of live-pruning. Another important point in 
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favour of live-pruning is that there is no production of the black ‘loose’ 
knot such as is associated with the occlusion and influx of wound gum into 
the snag of a dead-pruned branch. 


7. DISCUSSION 


In spruce the dead branches persist for many years even in well-stocked 
plantations, and close planting is not effective in producing clean timber. 
Dead branches persist over a long period of the life of the tree and, conse- 
quently, knots are formed for a considerable period; in fact, for a period 
equivalent to the length of any rotation now commercially possible. If clean 
timber is to be produced on a commercial rotation, artificial pruning is essen- 
tial. It has been the practice to prune dead branches only, but in spruce this 
has not been very successful owing to the slow rate of occlusion of the dead- 
pruned branches, which often extends over 8-10 years. ‘The time taken for 
complete occlusion of live-pruned branches appears to be considerably less 
(5~7 years); but only a few completely occluded live-pruned branches were 
available for examination, and the results require further verification. Apart 
from factors such as diameter of branch, length of snag to be covered, &c., 
the rate of healing depends mainly on the rate of radial growth in the trunk, 
but also on the extent to which the cambium of the branch dies back after 
pruning. When a branch dies, the cambium of the branch dies back to its 
point of junction with the cambium of the trunk, and this ‘die-back’ spreads 
for a short distance down the trunk below the branch. When a live branch 
is pruned, the cambium of the branch only dies back a short distance from 
the cut surface of the branch, and consequently occlusion is much more 
rapid. This difference in the extent to which the cambium dies back in live- 
and dead-pruned branches accounts very largely for the difference in the time 
taken for complete occlusion in the two cases. The amount of ‘die-back’ of 
the cambium is very important and is probably connected with the season in 
which pruning is carried out; further research on this point is desirable. It 
is obviously important with both live and dead branches to prune as close to 
the main stem as possible, and the method of occlusion points to the impor- 
tance of not leaving small snags at the bottom of the branch such as often 
occurs with the use of the pole saw. The direction of the cut should be down- 
wards and inwards, rather than downwards and outwards. Live-pruning 
causes less distortion of the grain of the timber than dead-pruning, and the 
snag is more rapidly occluded. On the whole, the evidence is in the favour 
of live-pruning. 

Mayer-Wegelin (1936), however, states that live-pruning in spruce is not 
advisable as it increases the risk of fungal infection. The material available 
for this investigation was not sufficient for definite refutation of this statement, 
but no fungal infection of live-pruned branches was observed. 

Both Curtis (1936) and Hawley and Clapp (1935), working on conifers in 
general, state that live-pruning does not lead to fungal infection, From the 
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observations on ‘resin production in pruned branches’ it would appear that 
there is no effective blocking of the cut surface of a dead-pruned branch, and 
the entire area of the cut surface of the branch is open to fungal infection. 


8. SUMMARY 


1. The arrangement of the tissues of the young stem and branch is de- 
scribed. The bud stalk is continuous with the tissues of the stem above and 
below, but after the growth of the bud, the cambial cells in the region of the 
crotch become reorientated so that the branch tissues all turn downwards 
and are only continuous with the stem wood below the branch. 

2. The spread of cambial activity down the branch stimulates the growth in 
a V-shaped area on the stem below the branch. As the growth of the branch 
slows down a depression is formed in the trunk wood below the branch. 

3. Owing to the orientation’ of the cells of the branch, ‘die-back’ after 
pruning is most severe on the lower side of the branch in both live- and dead- 
pruned branches, but in the live-pruned branch the cambium only dies back 
for a comparatively short distance from the cut surface. 

4. Live-pruned branches occlude more rapidly and cause less distortion of 
the grain than dead-pruned branches, and no evidence was found of any 
greater liability to decay in the former. 

5. The black ‘loose’ knot of timber is associated with the occlusion and 
influx of ‘wound gum’ from the occluding tissue into the snag of a dead- 
pruned branch. 

6. Breakage of pit-props takes place at a whorl of knots, since in this 
region the area of vertically continuous wood is reduced and the pressure per 
unit area increased. 
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EXPLANATION OF PLATES XXV TO XXVII 
Mlustrating Mr. A. Paterson’s paper on ‘The Occlusion of Pruning Wounds in Norway Spruce 
(Picea excelsa)’ 
PLATE XXV 


Fig. 1. Photograph of a longitudinal section through a two-year-old stem of Picea excelsa 
which has developed a lateral shoot. (a) pith domes, (b) continuity of branch and stem wood, 
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(c) V-shaped zone of cells cut through in transverse section (stem and branch wood conti- 
uous). 

‘ ae 2. Picea excelsa. Photograph of a dislodged branch, illustrating the continuity of the 

branch and stem wood below the branch only. x, lip of trunk tissue above and at the sides 

of the branch. 

Fig. 3. Picea excelsa. Photograph of a tangential section through the region of the stem 
containing the socket. The majority of the cells are bending to the left of the socket and the 
tracheids at the edge of the socket are arranged with their long axes parallel to the edge 
of the socket. 


PLATE XXVI 


Fig. 4. Picea excelsa. Photograph of a tangential section through a branch and the sur- 
rounding stem wood. (a) The region in the crotch where the cells of the stem and branch 
are contiguous; the majority of the cells of both the stem and branch in this region are bending 
to the left. 

Fig. 6. Photograph of a tangential section through a dead-pruned branch, and the sur- 
rounding trunk wood, showing the arrangement of the tissues, and the oblique advance of 
the occluding tissue over the cut surface of the branch, and also the resin in the cells of the 
occluding tissue immediately surrounding the branch. 


PLATE XXVII 


Fig. 5. Photograph of a broken pit prop. (a) Knots, (6) sockets from which the knots were 
extracted when breakage took place, (c) area of vertically continuous wood. 

Fig. 7. Picea excelsa. Photograph of a radial longitudinal section through a live-pruned 
branch, and the surrounding trunk wood, which shows the abundant development of resin 
canals in the occluding tissue, and the change in the direction of the rays after pruning. 
(a) Branch, (6) resin pocket (resin removed during sectioning), (c) lip of occluding tissue 
xx’ and yy’, extent of the death of the cambium at the top and bottom of the branch 
respectively. 

Fig. 8. Picea excelsa. Photograph of a radial longitudinal section through a live-pruned 
branch and the surrounding trunk wood. Note the change in the direction of the rays after 
pruning of the branch, and the abundant development of resin canals in the occluding tissue. 
The extent of the die-back of the branch cambium at the top of the branch is indicated by 
the distance xx’. 
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INTRODUCTION 


ce increasingly widespread recommendation and use of proprietary 
fungicides as seed dressings for the prevention of seed-borne diseases, 
particularly those of cereal crops, has led to an immediate demand for accurate 
knowledge regarding their efficiency. The information available regarding 
their active constituents and methods of manufacture is insufficient for their 
present recommendation on these grounds alone, with the result that their 
value can only be satisfactorily measured by the biological method of testing 
their efficiency for disease control. It is desirable that such knowledge should 
be made available as speedily as possible and any technical improvement 
which assists towards the development of more rapid and accurate testing 
methods will serve towards this end. The present paper deals with the 
biological technique available for the assessment of the values of seed dis- 
infectants for the control of Helminthosporium disease of oats, and the results 
obtained from an investigation of the problem over the three-year period 
1935~7 are presented. 

The established method of evaluating seed disinfectants for the control of 
the primary phase of Helminthosporium disease is by laying down field plots 
sown with disinfected grain and adjudging the results by making counts of 
the diseased seedlings produced. This method is desirable in that the work 
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is carried out under conditions closely allied to those obtaining in farm practice 
whereby the results obtained are at once applicable to the farm. It has, how- 
ever, the drawback of being slow, and on account of the close relationship 
between the occurrence of this disease in epidemic form and the seasonal 
conditions prevailing it is usually necessary to extend the trials over a period 
of years before reliable data regarding the efficiency of the fungicides under 
test can be obtained. It was because of this that the writer commenced an 
investigation in 1934 dealing with the epidemiology of this disease, the results 
of which have already been published (Muskett, 1937) and have led to the 
development of a pot-culture technique for the testing of seed disinfectants 
whereby the occurrence of the disease in epidemic form can be relied upon 
and the fungicides submitted to rigorous testing at will. The results of the 
application of this technique to routine testing are given. In addition, the 
development of laboratory technique whereby tests can be made without 
recourse to the growing of the. seedlings in soil has been investigated. The 
results of this work are also described, together with the comparative results 
obtained by employing laboratory, pot, and field methods over the three-year 
period under review. 


LaBoraTory METHOD 


If oat grains selected at random from a sample of seed infected with 
Helminthosporium Avenae Eid. are incubated under moist conditions at a 
suitable temperature, then those which are infected will be revealed by the 
growth of the fungus from the grain. An opportunity is thereby afforded for 
the estimation of the degree of infection in any given seed sample, but, 
unfortunately, the rapid diagnosis of the fungus by mycelial characters alone 
is difficult when it is growing alongside species of Alternaria and Clado- 
sporium, &c., and almost impossible in the case of routine work where the 
examination of large numbers of grains is necessary and the work has to be 
speedily accomplished. Its recognition by the production of conidia is, how- 
ever, comparatively simple, and conidial production has therefore been taken 
in this work as the criterion for the determination of an infected grain. Again, 
it is unfortunate that H. Avenae does not always produce conidia readily, with 
the result that this method of diagnosis, although very reliable, tends to an 
under-estimation of the amount of infection. The tendency towards conidial 
production has also been found to vary in different seed samples. Such being 
the case, anything which will encourage sporulation of the fungus will assist 
towards a more accurate assessment of infection. 

Dillon Weston (1933, 1936) has shown that sporulation in artificial cultures 
of H. Avenae may be induced by exposing them to white light of high intensity, 
and an attempt has been made to determine whether this holds true for the 
fungus when growing on naturally infected oat grains. The source of light, 
as suggested by Dillon Weston (1933), was a Hanovia quartz mercury vapour 
artificial alpine sun-lamp (direct current, 220 volts), The grains were sub- 
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mitted to twenty minutes’ irradiation at a distance of approximately 1 ft. 
(30°5 cm.) after having been incubated under moist conditions for three days 
at 22° C. Experiments with a large number of oat-seed samples have shown 
that there is a tendency for the fungus to sporulate more freely after exposure 
to such irradiation, and the observations of Dillon Weston regarding the 
more intense pigmentation of the mycelium after treatment has also been 
confirmed. The species of Alternaria commonly associated with seed oats 
was found to behave in a similar manner, irradiation leading to increased 
sporulation and more intense pigmentation. With regard to the increase in 
sporulation for H. Avenae the results obtained using different samples of seed 
were not consistent, the increases in percentage infection obtained after 
irradiation’ ranging from o to 20 per cent., although in no case did irradiation 
result in lowering the percentage infection recorded. It may therefore be 
deduced that irradiation of the grain during the period of incubation, while 
not always producing significant results, is of some assistance when examining 
by laboratory methods oat samples for infection with H. Avenae; the more 
profuse sporulation of the fungus obtained by irradiation, leading to greater 
ease of identification, is also helpful. 

The main purpose of this investigation was not to determine the amount of 
infection of oat samples, but to find the use of the method in evaluating seed 
disinfectants. Therefore, as soon as the method had been elaborated it was 
put to the test by determining the amounts of viable infection present in 
disinfected samples of seed and comparing these with the amounts in similar 
samples which had not been disinfected. Preliminary experiments indicated 
that in the case of seed disinfectants, the worth of which had already been 
proved by other methods, the development of H. Avenae and, incidentally, 
all other fungi was completely suppressed, whereas for disinfectants which 
only give partial control of the disease the development of H. Avenae was but 
partially suppressed. It was therefore decided to introduce the laboratory 
method as routine practice, and the results obtained by its adoption over the 
three-year period are presented and discussed in a later section of this paper 
in relation to those obtained by the pot and field methods. The laboratory 
method as used at present is outlined below, and although the technique is 
open to further improvement, the present recommendations are based upon 
the result of considerable experimentation, particularly with regard to such 
points as the most suitable temperature for incubation, the optimum time 
for irradiation, the total incubation period necessary, the most suitable optical 
equipment for use in the examination of the grains, and the number of 
examinations necessary. 


Details of method. 

First day. Mix thoroughly the sample of seed under investigation and 
select at random 100 grains. Arrange them with equidistant spacing in Petri 
dishes, each of which has the bottom lined with two moistened filter-papers. 
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Pack the dishes in an open container, the mouth of which is afterwards closed 
with cloths saturated with water in order to prevent drying out, and place 
the container in an incubator set to give a constant temperature of approxi- 
mately 22° C. 

The Petri dishes used are of 9 cm. internal diameter, 15 seeds being counted 
into each. Five hundred seeds were used for each sample at first, but the 
number was later reduced to 100, which was found to give equally useful 
and reliable results. The filter-papers used just fit the dishes; they are placed 
dry in the lower half of each dish which is then almost filled with tap-water, 
the surplus water being drained off after the papers have become saturated. 

Fourth day. Remove the dishes from the incubator and irradiate the seeds 
for 20 min., using a Hanovia quartz mercury vapour lamp operating at a 
distance of approximately 1 ft. (30°5 cm.) from the dishes. Repack the dishes 
in the container and replace in the incubator. 

The lids of the dishes are removed during irradiation, the duration of their 
removal being insufficient to cause drying out if the filter-papers have been 
thoroughly saturated. According to Dillon Weston (1936), sporulation is in- 
duced by intense white visible light and not by the invisible ultra-violet rays. 
It is therefore probable that an alternative source of white light would be 
suitable, but as the Hanovia lamp was available and the method found con- 
venient before Dillon Weston’s later findings, no changes have been intro- 
duced. 

Ninth day. Examine the seeds for the presence of conidia of H. Avenae. 
The shoots are first removed with a sharp scalpel in order to facilitate 
examination. The most suitable microscope used so far for this purpose is a 
Wide Field Bausch and Lomb Binocular model, the optical equipment 
selected being paired eyepieces (15x) used with paired objectives (4:0 xX) 
giving a magnification of 60x. 

Only one examination has been found to be necessary. Repeated examina- 
tions after the ninth day may reveal one or two more infected grains, a result 
which is not significant for the present purpose. Examination before the 
ninth day is not necessary, and as the mature conidia are easily detached from 
the conidiophores, the less the dishes are handled the better. Conidiophore 
production only is not regarded as sufficient for diagnosis of infection—at 
least one conidium must be present. During examination the glume apices 
are first inspected, then the basal end of the grain, and finally the remainder 
of the grain surface. In no case has the spread of the fungus been observed 
from an infected grain to one which is disease free, although during the time 
taken for the test it is not uncommon for the fungus to grow out from an 
infected grain to a distance of a few millimetres on the filter-paper. 


PotT-CULTURE METHOD 


The pot method depends for its efficiency upon raising oat seedlings to the 
stage where the length of the second leaf approximates to that of the first and 
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under conditions designed to produce the maximum incidence of the disease. 
The necessary technique was elaborated by Muskett (1937) in the course of 
an epidemiological study made during 1934-6. It was found that the disease 
in an easily recognizable form could be obtained at will by growing the seed- 
lings in moist soil (50 per cent. saturation) in metal containers at a relatively 
low temperature. An open outdoor veranda erected along the wall of one side 
of the flat roof of the Agricultural Building was used for the purpose, the roof 
of the veranda being sloped at such an angle as to allow a maximum of light 
to reach the plants and projecting sufficiently to shelter them from rain. The 
moisture content of the soil was kept constant by regular watering on alternate 
days. The relatively low temperature conditions, averaging from 8° C. 
to 10° C. during the experimental period, may normally be obtained in 
Northern Ireland by sowing the seed about March 17. The use of a lower 
temperature than this favours the occurrence of the pre-emergence phase of 
the disease which is not so easily diagnosed, while the employment of higher 
temperature leads to a falling off in the incidence of the disease. The tempera- 
ture employed has been found to encourage a maximum of the easily 
recognizable leaf-striping phase. When the seedlings have grown to the stage 
referred to above, each is cut off at soil level and the extent of the disease is 
assessed by visual éxamination. Only those seedlings which show ‘stripe’ 
lesions on the first, second, or third leaves are counted as diseased. This 
method of disease assessment, besides being reliable, allows of the rapid 
examination of large numbers of seedlings. 

During the study it was found that there is a tendency for some dust 
disinfectants to give less satisfactory results under conditions of high soil 
temperature and dryness, a finding which indicates the necessity for testing 
their efficiency under such conditions. Fortunately, these conditions also 
favour the disease, and they may normally be obtained in Northern Ireland 
by raising seedlings as outlined above in comparatively dry soil (25 per cent. 
saturation) during the late spring. The suitable mean temperature of from 
12° C. to 14° C. during the experimental period may normally be obtained 
by sowing the seed in mid-May. 

For the past three years the pot method has been employed in routine 
practice for the assessment of seed disinfectants used against H. Avenae, two 
tests being made each season. The results from the second test, in addition 
to recording the behaviour of the fungicide under conditions of dry soil at a 
high temperature, serve as a useful check upon those obtained by the first. 
An outline of the pot method in detail is as follows: 


Details of the method. 


Soil. As soil type does not appear to be an important factor, a medium 
loam of good quality is recommended for test purposes. The soil is air dried 
by spreading it on the floor of a heated greenhouse, sieved, and stored in 
galvanized iron bins until needed. When required, the necessary quantity 1s 
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spread out on a hard floor, sprinkled with water from a hose, and thoroughly 
mixed; this process is repeated until the required degree of moistness has 
been reached. After a little experience this can be judged with sufficient 
accuracy by feeling the soil texture with the hand. A sample of the prepared 
soil is bottled and put aside for moisture estimation. 

Pots. Round tins 22 cm. diam. x 11-5 cm. high, such as are employed for 
the baking of cakes, are used as pots, ordinary flower-pots being unsuitable 
on account of their porous nature and the consequent difficulty of maintaining 
a constant soil moisture content. This size of tin is suitable for raising 100 
seedlings to the desired stage of growth. The tins will last for at least three 
years if looked after carefully. 

Sowing. The same quantity of soil is weighed into each pot, the quantity 
varying only in the case of different moisture contents. A decimal scale 
(sensitive to 1-0 gm.) is very suitable for these weighings. Each pot is filled 
to within about 1-5 in. (4:0 cmi.) of the rim, the soil being lightly compressed 
with a wooden dumper and the weight rechecked before sowing. Sufficient 
of the soil is put aside for covering the seed after sowing. The even distribu- 
tion of the 100 seeds sown in each pot is secured by sowing through holes, 
cut equidistantly in a disc of ply-wood made so as to fit neatly inside the pot. 
Before sowing, holes of equal depth are made to receive the seeds by the use 
of a small wooden punch designed to fit the holes in the disc. In order to 
avoid the rubbing of dust disinfectants from the seed, forceps are used for 
sowing. After sowing, the seeds are carefully covered with soil of the same 
moisture content as used for filling the pot, it being assured by weighing that 
the same amount of covering soil is used for each pot. The pots are then 
placed in their permanent quarters. (See Pl. XXVIII, F ig. 1.) 

Number of seeds. The use of 500 seeds for each sample under investigation, 
i.e. five pots, has been adopted as the standard procedure in routine practice. 

Care after sowing. The moisture content of the pots is kept constant by 
watering on alternate days. When watering, each pot is brought up to the 
weight registered immediately after sowing. 

Temperature control. A self-recording thermometer is kept among the pots 
during the whole test period. The mean temperature for the test is assessed 
by averaging the temperatures recorded at two-hourly intervals during the 
whole trial period. ; 

Duration of test. First test (moist soil and low temperature) approximately 
ac days; second test (dry soil and high temperature) approximately 30-40 

ays. 
Fretp METHOD 

The field technique normally employed, which has been elaborated here, 
consists of the sowing of disinfected grain under field conditions and examin- 
ing the seedlings for the presence of the disease when the symptoms have 
become fully apparent. Except for the fact that the work is carried out under 
less controlled conditions the mode of procedure resembles that adopted for 
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the pot method. The technique here described has been arrived at after 
considerable investigation made necessary on account of the various factors, 
often unforeseen and sometimes unavoidable, which may interfere with the 
accuracy of a field trial. Erratic damage by pests such as birds, rabbits, and 
hares was overcome in 1936 by making the plots of such a size and shape as to 
allow of their being covered with wire-netting fitted immediately after sowing 
and easily removed later for the examination of the seedlings, Frit fly injury, 
which may increase the difficulty of examination for leaf stripe, is avoided by 
sowing as early as possible, although in some seasons early sowing was almost 
impossible on account of the condition of the land. Even with these pre- 
cautions there are such factors as aphis attack and injury by soil pests such 
as slugs, &c., which tend to reduce the exactitude of field trials below that of 
carefully controlled pot experiments. The method described below was used 
in 1936~7 and has been found to be the most satisfactory; that used for 1935 
was somewhat different and is briefly referred to in the section dealing with 
the results. 


Details of the method. 


Preparation of plots. Each plot is 4 ft. (1-3 m.) wide and consists of a 
number of drills sown with the different seed samples under test, the drills 
being 16 in. (40 cm.) apart. The length of the plot will therefore depend 
upon the number of samples used. As the test is replicated five times, five 
plots in all are required. A distance of 2 yards is left between the plots so as to 
allow for comfortable working conditions. The plots are thoroughly raked 
before sowing in order to remove the larger stones and to prepare as suitable 
a seed bed as possible. 

Sowing. Each drill is made with a hoe, care being taken in its preparation 
to ensure an even depth of sowing. The seed is sown from small paper en- 
velopes, each envelope containing the necessary quantity of seed required for 
a 4-ft. length of drill. After sowing, a rake is used to close each drill and, 
finally, the whole plot is gently raked and well rolled. 

Using a normal sample of Scottish Pure Line Potato Oats and a sowing 
rate of 16 st. per statute acre (250 kg. per hectare) it has been computed that 
in the neighbourhood of 2-75 million seeds are sown. If a spacing of 6 in. 
(15 cm.) is allowed between the drills, this is equivalent to the sowing of 
approximately 100 seeds or 3-4 gm. of seed to each yard length of drill. This 
sowing rate was selected for the field trials in order to approach as nearly as 
possible to conditions obtaining in practice. The seed is sown by weight and 
not by number in order to avoid the labour of counting—a 4-ft. length of 
drill sown with 4:5 gm. of seed being chosen so as to ensure that at least 100 
seeds are sown in all cases. 

Order of sowing. The test for each treatment is replicated five times, one 
drill in each plot being sown with similarly treated seed. In order to obtain 
a randomized order of sowing, all the envelopes for one plot are placed in a 
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bag and thoroughly mixed. ‘The samples are then sown in the order in which 
they are drawn from the bag. 

Netting the plots. Immediately after completion the plots are covered with 
wire-netting in order to prevent damage by birds and other pests. Netting 
of 1-0 in. (2-5 cm.) mesh and 72 in. (2 m.) wide is suitable for this purpose. 
It is first stretched flat over the plot, the ends and edges then being buried a 
few inches in the soil by the digging of shallow trenches along the ends and 
edges of each plot. The soil removed from the trenches is firmly replaced 
after the wire has been let in, thereby holding it in position. The netting is 
then raised to form a sort of domed shaped covering to the plots by support- 
ing it on canes inserted in the soil of the plot at suitable intervals (see PI. 
XXVIII, Fig. 2). 

Care after sowing. In some seasons the plots may require an occasional 
weeding before counts are made. 

Estimation of disease. When the primary phase of the disease has reached 
its maximum intensity each plant is pulled, examined for the disease (using 
the precautions outlined for the pot method), and classed as healthy or 
diseased. Tiller production must be carefully watched for in order to avoid 
the counting of tillers as individual plants. All the plants in each 4-ft. length 
of drill are examined in this way, the extent of the occurrence of the disease 
being afterwards calculated on a percentage basis. 


CoMPARATIVE RESULTS 
1935 
General. 

Laboratory method. 'This method was not used in 1935 as its introduction 
into routine practice was not effected until the following year. In 1936, how- 
ever, it was applied to a selected number of the seed samples used in 1935 
which had been stored for future reference. The results are included in the 
table for 1935; they are satisfactory and do not appear to have been influenced 
by the over-year storage of the seed. 

Pot-culture method. ‘Tests by this method in both moist and dry soil were 
begun on the same date (March 21), 200 seeds (i.e. two pots) being used for 
each sample. Owing to the slower development of the seedlings in the dry 
soil this test required 53 days (i.e. 12 days longer than that in the moist soil). 

Field method. In 1935 the field method adopted consisted of sowing a 12-yd. 
length of drill at the rate of 224 lb. per acre with each of the seed samples 
tested, the drills being spaced at 18-in. intervals for convenience of working. 
Three lengths, each of 1 ft., were selected at random from each drill for the 
purpose of recording results. 

Fungicides under test. Apart from the range of proprietary materials which 
are recorded under code numbers, formalin, cuprous oxide, and talc were 
included in the tests for this year. Commercial formalin (40 per cent. 
formaldehyde) was supplied at the strength of 1 part in 320 parts of water 
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TABLE I 
Tests with Seed Disinfectants for the Control of Helminthosporium of Oats 


The quantities of dry material refer to the weight per 42 Ib. of grain 
(2 oz. per 42 lb. = 3:0 gm. per kg.) 


Results for 1935 


Percentage of Helminthosporium disease. 


Method and Pot-culture method. 
Material rate of Laboratory Moist Dry Field 
tested. application. method. soil. soil. method. 
Control — 42'8 44'0 48:0 30°0 
Talc Dry, I OZ. —_ 34°0 41'S 25°0 
0» Diy, 2 3 — 42°0 42°0 34°9 
” Dry, 4 ,, = 38'5 34°5 17°5 
Cuprous 
oxide Dry,.3\_,; 10°8 27°0 2 14° 
Formalin Wet, sprinkle 9:2 ie oo ue 
Al Dry, 2 oz. — fo hze) 9:0 2°8 
A2 Dryw2";; I°o 0-0 0’o 0°8 
A3 Dry 2%; — foe) O'5 o'9 
A4 Dry, 2 a fokfe) 4°5 4°4 
AS Dry, 1 ,, 38°4 36°5 46°5 20°7 
A6 Dryi2ue 41°6 30°5 44°0 23°0 
AZ Wet, short wet — 0:0 0:0 1-7 
A7 Wet, sprinkle — fore) O'5 3°3 
AZ Wet, steep — 0:0 fotze) 6:9 
Br Dry, 2 oz. — 0:0 10'0 33 
Cx Dry, 2 ,, — 1°5 II‘o foe) 
Di Diryv2n., — 0'0 fohze) 3°8 
D2 Diy — 0-0 0-0 0:0 
D3 Dry, 0°5 oz. — Cole) o'0 ay) 
D4 Dry, 2 oz. — 2°5 100 3°5 
Ds Dry, 2 ,, — (ote) fey) 7309} 


by the sprinkle method, while the talc used was supplied as a pure chemical 
in a very finely divided form. It was intended to use cuprous oxide as specified 
by Horsfall et alia (1934), but as this material could not be obtained the nearest 
obtainable from British Drug Houses was used. 


Miscellaneous data. 

Seed sample. Scottish Pure Line Potato Oats (Agnew II, 1933 crop). 

Pot-culture method—moist soil. Date of sowing, March 21; date of cutting, 
May 1; duration of test, 41 days. Soil moisture content, 47-7 per cent. 
saturation. Mean temperature, 9-3° C. 

Pot-culture method—dry soil. Date of sowing, March 21; date of cutting, 
May 13; duration of test, 53 days. Soil moisture content, 26-7 per cent. 
saturation. Mean temperature, 10-1° C. 

Field method. Date of sowing, April 12; date of cutting, May 24; duration 


of test, 42 days. 
The taking of the results from the field trial in 1935 was left until rather 
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late owing to unsettled weather. It is believed that by the time the counts 
were made a certain amount of secondary infection had taken place, thus 
accounting for the slightly irregular nature of the results for this year. This 
difficulty did not arise in the two subsequent years. 


1936 
General. 2 


Laboratory method. ‘Tests using this method were carried out according to 
the recommendations. 

Pot method. These tests were also carried out according to schedule except 
that the dry soil-high temperature sowing was made on March 31. This was 


TABLE II 
Tests with Seed Disinfectants for the Control of Helminthosporium of Oats 


Quantities as in Table I 


Results for 1936 
Percentage of Helminthosporium disease. 
Method and Pot-culture method. 
Material rate of Laboratory Moist soil Dry soil Field 
tested. application. method. lowtemp. highertemp. method. 
Control — 43°0 21°0 42°0 50 
Talc Dry, 2 oz. 53°83 22'8 43°0 76 
MHg 367 
(Silica) Dry, 2 ,, 9:2 11°6 39°6 3°6 
Formalin Wet, sprinkle 20°6 6:0 26-2 au 
AI Dry, 2 oz. (oe) Core) 06 08 
MHg 365 
(Ar) Dry, 2 ,, ote) Cette) fore) 0-0 
MHg 364 
(Ar modified) Dry, 2 ,, 0-0 0-0 o-2 fore) 
A2 Dry, 2 ,, 0:0 0:0 0-0 0-0 
MHg 362 
(Az) Dry, 2 ,, o-2 Cee) foe) o"4 
AZ Wet, short wet o'2 (ore) ole) o'2 
A7 Wet, sprinkle 5:0 o'2 0-8 06 
A7 Wet, steep o'2 foe) roe) 0-2 
Ci Dry, 2 oz. fore) o-2 08 0-0 
MHg 366 
(C1) Dry, 2 ,, o'2 0-0 270 08 
Ds Dirveen fotze) folye) o-2 oye) 
MHg 361 
(Ds) Dry ae ole) 0-2 oe) o'2 
MHg 363 Divaze., oye) oye} 0-4 o-4 


rather too early, and owing to the low spring temperatures which prevailed 
in 1936, a very low mean temperature was recorded for the test. 

Field method. 'The field tests were laid down in accordance with the recom- 
mendations. 

Fungicides under test. The only important change made with regard to the 
fungicides tested in 1936 was the inclusion of a number of materials submitted 
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by Dr. Martin of the Research Station, Long Ashton. On arrival these 
products proved to be, in the main, identical with those which had been under 
observation in Northern Ireland previously and which had been submitted 
to testing in 1935. In the table of results Martin’s samples are listed under 
numbers prefixed by MHg. Where these materials were identifiable as pro- 
prietary products, the code number of the product is given in brackets. 


Mtscellaneous data. 


Seed sample. Scottish Pure Line Potato Oats (Agnew II, 1933 crop). 

Pot method (moist soil—low temperature). Date of sowing, March 11; date 
of cutting, April 30; duration of test, 50 days. Soil moisture content, 52:5 
per cent. saturation. Mean temperature, 8-0° C. 

Pot method (dry soil—high temperature). Date of sowing, March 31; date 
of cutting, May 12; duration of test, 42 days. Soil moisture content, 32:8 
per cent. saturation. Mean temperature, 9-7° C. 

Field method. Date of sowing, May 6; date of cutting, June 6; duration 
of test, 31 days. 


General. ct SLI 

Laboratory method. Tests using this method were carried out according to 
the recommendations. 

Pot method. These tests were also carried out according to schedule. The 
results from the second pot test were not very satisfactory. The very dry soil 
recommended (25 per cent. saturation) is rather on the dry side for the regular 
growth of the seedlings and it was decided to work this year with soil a little 
moister. It was made too moist (45 per cent. saturation), with the result that 
the disease was not so severe as with drier soil. 

Field method. The field tests were laid down in accordance with the 
recommendations. 

Fungicides under test. Except for the increase in the number of proprietary 
materials under trial the only departure made for this year was the testing of 
a sample of cuprous oxide answering to the specification laid down by 
Horsfall (1934). 


Miscellaneous data. 

Seed sample—Scottish Pure Line Potato Oats (Biglees 1936 Crop). 

Pot method (moist soil—low temperature). Date of sowing, March 25; date 
of cutting, May ro; duration of test, 46 days. Soil moisture content, 53-3 per 
cent. saturation. Mean temperature, 8-6° C. 

Pot method (drier soil—high temperature). Date of sowing, June 9; date of 
cutting, July 10; duration of test, 31 days. Soil moisture content, 43-0 per 
cent. saturation. Mean temperature, 13-8° C. 

Field method, Date of sowing, May 13; date of cutting, June 17; duration 
of test, 35 days. 
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Taste III 
Tests with Seed Disinfectants for the Control of Helminthosporium of Oats 
Quantities as in Table I 
Results for 1937 
Percentage of Helminthosporium disease. 


Method and Pot-culture method 
Material rate of Laboratory _ Moist soil, Dry soil, Field 
tested. application method. low temp. high temp. method. 
Control — 20°0 19°8 14°4 23°8 
Talc Dry, 2 oz. 16:0 27°4 14'0 20°7 
Cuprous 
oxide Dry, 2 ,, 5:0 25°0 — 16°1 
Formalin Wet, sprinkle 19'0 12°8 11°6 13'0 
A2 Dry, 2 oz. 0-0 oye) 0:0 03 
A7 Wet, short wet 0-0 0-0 o'2 O°%3 
A7 Wet, sprinkle 12°0 06 06 0-3 
A7 Wet, steep roe) 0'0 toh) orl 
A8 Dry, 2 oz. 0:0 0'0 o-2 orl 
Ag Dry, 2 ,, fone) olze) ole) o'2 
AIo Dry, 2 ,, role) 0-0 folze) o'2 
All Diyas, 1-o Cole) folze) ol 
A12 Dryeeome, ole) 0:2 tole) O'5 
AX3 Dry, 2 ,, 0-0 0-0 folze) [oWze) 
B2 Dryin2e, rele} [elyo} 0-4 O'5 
B2 Wet, short wet —_ — 08 — 
C1 Dry, 2 oz. oo 12 1°6 23 
C2 Dry, 2 » = = o-2 — 
Ds Dry, 2 5 fokte) o'o oo o'o 
Ex Diy te. oe) O'4 o'2 (oMe) 
E2 Dry, 2» 0°00 fo}fe) (ohio) 03 
E3 Dry; 153 oo o'2 oo 0'5 
E4 Dry, Le; 17°0 21-6 = 20°0 
E5 Dry 215 33°0 19°6 — 19°4 


The results given in Tables I-III for the pot and field methods are the 
calculated means from the total number of replications of pots or plots used 
for each sample. In order to show the nature of the detailed results obtained 
in the course of the work they are presented below in full for the pot test 
(moist soil—low temperature) 1936 and the field trials for 1937. 


SCHEDULE OF TESTING 


Choice of seed sample. A sample of seed oats heavily infected with H. 
Avenae is the first essential, and the laboratory method has been found to 
be extremely useful in the selection of a suitable sample. It is suggested that 
the sample should contain at least 15 per cent. of infected grains as determined 
by the laboratory method during the winter season following the harvesting 
of the crop. If stored under dry conditions the sample will serve for at least 
two seasons, and if at the end of this period the germination remains un- 
impaired it may be used for a third season. H. Avenae does not appear to 
die in seed stored for long periods. 
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TABLE IV 


Detailed Results of the Pot-culture Test (Moist Soil—Low Temperature), 1936, 
expressed as Percentages of Helminthosporium Disease 


Material tested. Poti. Potz. Pot3. Pot Ane botass 
Control ; ; : : 3 20 19 21 afi 
pial came. : 3 23 19 29 
MHeg 367 (silica) . II 12 15 
Formalin : 
Al : : z , 
MHg 361 (Ar). ‘ 
MHg 364 (Ar modified) 
A2 : : s 


ry) 
f 


MHg 362 (AZ) 
A7 (short wet) 
A7 (sprinkle) 
A7 (steep) 

Ci 


MHg 366 (C1) 
D 


5 : : 
MHeg 361 (Ds) 
MHg 363 
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TABLE V 


Detatled Results of Field Trial, 1937, expressed as Percentages of 
Helminthosporium Disease 


Material tested. Plot 1. Plot2. Plot 3. - Plot 4. Plot 5. 

Control ‘ : ‘ ‘ : 18:8 28-7 31-4 25°0 14°9 
TEE : ; é j : 19'7 18°3 25'0 190 21°6 
Cuprous oxide. : : 1507 19°0 16°8 17°4 19) 
Formalin. 3 ; , : 13°0 125% 9°9 14°0 1671 
A2 ‘ , : : 5 ; foee) fotze) o-7 lone) o'8 
A7 (short wet) : j f ; foe) (ole) role) o'0 I‘o 
A7 (sprinkle) 2 : : : 08 0:0 fohre) o'8 foe) 
A7 (steep) . ‘ : , 0:0 08 fore) role) foe) 

; : 3 : : : oo foe) Ou7, 0-0 00 
Ag : : ’ ; ‘ j o°8 [olze) ole) roo) [olze) 
ATO" es : : : ; : o'o 0:0 roo) (ole) o'8 
AIIl.. : : ; j : (ohre) (oxo) o'7 o'o exe) 
ATA een: , . F ‘ : foe) oo (okie) 2°5 Coke) 
AT 2 : : : 5 ; ole) oho) o'o o'0 ooo) 
B2 é 5 ' : : : fohzo) o'0 o'7 1°6 (ole) 
C1 : : 5 : : é 224) 1°5 O'7 4°4 2°4 
D5 5 ; % ; : [oyre) fohfe) oo oo oc 
Er ; : é : 2 : (oere) ore) foefe) (okie) (oefe) 
E2 , : : ; : : oho) (okie) is foere) onze) 
E3 , : 3 ; A 3 ole) ole) o'8 onze) 177 
E4 : ‘ , ; ; : 22a 24°0 12°4 19°5 21°6 
Es : ; : : ‘ : 18:0 21°0 20°53 16-6 210 


Seed treatment. Seed treated by the dusting method is shaken with the 
requisite quantity of the fungicide for three minutes in a conical flask loosely 
plugged with cotton-wool; wet treatments are applied by methods appropriate 
for use with small quantities of seed. A suitable quantity of grain for each 
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test is 250 gm.; this is ample for the laboratory, pot, and field tests, and 
leaves a sufficiency for any other test which may be desirable as well as a 
surplus for subsequent storage. Treated at the rate of 2 oz. per bushel (42 lb.), 
250 gm. of seed oats require 0-75 gm. of a dust fungicide. 


The tests. 

The laboratory test. This can be made at any time and is normally carried 
out soon after the seed has been treated. For this test 100 grains are used. 
If the results show a complete control of H. Avenae the sample is ear-marked 
for pot and field tests. If 5 per cent. or more of the grains are affected with 
viable H. Avenae, it is probable that the fungicide is of little value, and the 
sample is rejected without further testing. Should the percentage fall between 
o and 5, then a re-test is made and the sample rejected after this second test, 
unless the amount of infection recorded is 1 per cent. or less, in which case 
it is ear-marked for pot and field tests. It is not suggested that these recom- 
mendations should be rigidly observed in every case. They should be 
regarded as a guide to the interpretation of the results, and although cases 
may arise which require special consideration their adoption in general has 
proved useful and satisfactory. 

Pot and field tests. Those materials which satisfy the conditions of the 
laboratory test are automatically subjected to pot and field tests. For each 
of these tests, carried out by the methods already outlined in detail, 500 grains 
are used. The interpretation of the results obtained from these tests is 
discussed below. 


DIscussion 

In this paper a comprehensive biological technique is presented whereby 
the value of a seed dressing for controlling Helminthosporium disease of oats 
may be accurately assessed within the space of one growing season. By use 
of the laboratory method, which occupies ten days and may be carried out 
at any time, materials of little or no value may be selected and rejected at 
once without recourse to further trial. Promising materials are submitted to 
three further tests, two of which are pot trials and the third a field test. Should 
the conditions of the field test be such as to produce insignificant attack in 
the controls, there are the additional results obtained by the pot-culture 
method, where an epidemic outbreak is ensured. Over the experimental 
period of three years a high degree of correlation has been found to exist 
between the results obtained by all three methods. 

Of the fungicides tested, the only satisfactory ones were among proprietary 
materials containing organic mercury compounds. The effectiveness of some 
of these materials was as nearly perfect as can be expected in practice. 
Formalin, which is such a satisfactory fungicide for smut of oat (Muskett and 
Cairns, 1932), did not give satisfactory control of Helminthosporium. Com- 
pounds used as fillers, such as talc and silica, appear to have little fungicidal 
value, although the sample of silica supplied by Martin in 1936 did appear 
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to exercise some measure of control. Cuprous oxide, as supplied by both 
British Drug Houses and Dr. Horsfall (Messrs. Réhm and Haas of Phila- 
delphia, U.S.A.), failed as a fungicide and also caused a noticeable growth 
depression in the seedling crop. Copper fungicides would appear to be un- 
suitable for general use with the oat crop; damage following the use of copper 
sulphate solution as a sprinkle, and copper carbonate dust, was recorded by 
Muskett and Cairns in 1932. 

For the control of Helminthosporium disease it is tentatively suggested that 
a satisfactory fungicide should not allow an average of more than 0-2 per cent. 
of the disease to escape control when submitted to the pot trials and the 
field test. Such a requirement may seem severe, although it will be seen from 
the results that more than one proprietary material satisfied these conditions. 

The success of a seed dressing, however, may not depend entirely upon its 
usefulness in controlling one specific seed-borne disease; there are other 
diseases and other factors which may have to be taken into account, the joint 
consideration of which may necessitate some modification of the requirements 
demanded by each disease or factor when considered in isolation. Large 
industrial undertakings occupied in the manufacture of these materials appear 
to be aiming at the production of universal seed dressings capable of the 
successful treatment of as many seed-borne diseases as possible. In some 
measure this object has been attained in the organic mercury dressings of 
most recent introduction, the present tendency being to keep the mercury 
content of the preparation as low as is compatible with fungicidal efficiency. 
An important step forward will have been made when a universal seed dis- 
infectant, non-poisonous to man and animals, is forthcoming. 

It is therefore evident that the evaluation of seed dressings for the control 
of Helminthosporium disease of oats is but one aspect of a much wider pro- 
blem. For cereal crops alone an improved and more precise technique is 
desirable for such diseases as bunt in wheat, covered smut in barley, loose 
and covered smuts in oats, and other Helminthosporium diseases, &c. Even 
~vhen the requirements demanded by the better known seed-borne diseases 
of cereals have been met, there still remain aspects of the general problem 
upon which further information is desirable, for instance those seed-borne 
diseases about which little is yet known and which still require elucidation. 
That such diseases exist and are of some importance appears to be fully 
justified by the number of cases where the disinfection of seed prior to sowing 
produces a distinctly beneficial effect upon the resultant crop not due appa- 
rently to the control of better-known troubles. Cases of this type have been 
met with in the oat crop from time to time by the writer. In the spring of 
1937 a number of oat seed samples under the conditions of pot test produced 
a much better crop of seedlings as the result of disinfection. H. Avenae was 
present to some extent in all these samples, but in most cases the infection 
was light and it was found difficult to account for the very noticeable improve- 
ment as being due entirely to the control of this disease. The infection of 
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seeds by diseases of this type is largely dependent upon the season, while 
harvesting conditions probably influence their prevalence in some measure, 
thus accounting for the very significant differences occurring in the intensity 
of the infection from year to year. 

Another interesting experience of 1937 suggests that seed disinfection may 
serve to protect a cereal crop from pest damage without exercising any direct 
control of the actual pest involved. About nine-tenths of a large field was 
sown with disinfected seed oats, while the remaining tenth was sown with 
seed from the same sample without disinfection. The crop from the control 
seed was a complete failure, while almost a full crop was produced by the 
disinfected seed. A very marked superiority of the seedlings from the dis- 
infected seed was noticed early in the season, and as leatherjacket grubs 
(Tipula spp.) were found in the soil it was suggested that the disinfection of the 
seed had exercised control over the damage caused by the grub. On examining 
the field, leatherjackets were found to be present in very large numbers, but 
they were as numerous in that part of the field sown with disinfected seed 
as in the portion where the seed had not been disinfected. The explanation 
of this case appears to lie in the fact that the braird produced by the dis- 
infected seed was thick, strong, and vigorous, and far more able to withstand 
the grub attack than the thinner, weaker, and less healthy braird produced 
by the non-disinfected seed. 

The possibility of seed disinfection causing subsequent injury to the crop 
must not be overlooked, and makes a case for the growing of the crop to 
maturity for the determination of yield. As field trials for the estimation of 
infection by smut diseases necessitate the full growth of the crop, a somewhat 
similar technique should prove satisfactory for the conduct of yield trials. 
The determination of primary infection by H. Avenae is somewhat exceptional 
in requiring only the growth of the crop as far as the seedling stage. 


SUMMARY 


1. ‘Three methods have been evaluated for the control by seed disinfectants 
of the primary phase of Helminthosporium disease of oats. By the Laboratory 
Method, which may be carried out at any time during the year, ineffective 
fungicides can be assessed within an experimental period of ten davs and 
rejected without further testing. The Pot-culture Method ensures an epidemic 
outbreak of the disease in the control plants so that the fungicide can be 
submitted to a rigorous test. Two pot tests are made under conditions of 
moist soil and early in the year, i.e. at low temperature, and the other with 
drier soil and during the late spring or early summer, ice. at high temperature 
conditions. The conditions of soil moisture and temperature employed in 
the first test encourage the development of the disease: the results of the 
second test provide a check on those from the first. A detailed account of 
the methods used is given. 
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2. Over the experimental period of three years a high degree of correlation 
has been obtained between the results of the three methods. 

3. By the scheme put forward a fungicide may be thoroughly tested in 
one growing season. 

4. Certain proprietary fungicides containing mercury in an organic combi- 
nation gave almost perfect control of the primary phase of the disease, while 
formalin, cuprous oxide, talc, and silica have been shown to be unsatisfactory. 

5. A standard performance is suggested for a fungicide satisfactory in its 
control of Helminthosporium disease. The value of this standard is considered 
in relation to the control of seed-borne diseases in general. 
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EXPLANATION OF PLATE XXVIII 


Illustrating Dr. A. E. Muskett’s paper on ‘Biological Technique for the Evaluation of Fungi- 
cides. I. The Evaluation of Seed Disinfectants for the Control of Helminthosporium Disease 
of Oats.’ 


Fig. 1. The Pot-culture Test in progress (1936). 
Fig. 2. Field Plots (1937) at the Agricultural Research Institute, Hillsborough. 
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The Measurement of Assimilation and Translocation 
in Tomato Seedlings under the Conditions of Glass- 
house Culture 
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With three Figures in the Text 


INTRODUCTION 


HE methods described by Bolas and Melville (1933) for the measure- 

ment of assimilation rate, using a ‘paired-plant’, dry weight method, 
have been applied to the measurement of assimilation rate in seedling tomato 
plants over the period 1932-4. While it has now become apparent that a 
modified technique would yield more precise results, it seems desirable to set 
forth these preliminary results and to indicate briefly the extent to which this 
type of experiment is likely to throw light on the physiological effects of the 
conditions obtaining in normal glasshouse practice. 


EXPERIMENTAL DETAILS 


The procedure was the same as that already described. Seeds of the tomato, 
_variety E.S. 1, were sown in seed-boxes and the seedlings transferred to 
34-inch pots when the first two foliage leaves had appeared. The soil used 
was a compost containing baked soil from the cucumber houses, to which had 
been added a little bonemeal. No attempt at environmental control was made, 
apart from the routine practices of the nursery staff, which included heating 
of the house in the colder months, and the shading and cooling induced by 
spraying the glass with flour wash in the summer months. Care was observed 
in maintaining an adequate water-supply to the plants. 

It was necessary to select an arbitrary stage in the plants’ development at 
which the assimilation experiment was to be made. For convenience, plants 
having 7-8 expanded leaves were always used. It is recognized that plants 
at this morphological stage taken at different times of the year must be of 
very different ages. Thus plants sampled in August might be 4 weeks old, 
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whereas plants of the same morphological stage taken in December would 
be 7-8 weeks old. Nevertheless, Richards (1938) has pointed out that plants 
at the same stage of development are more nearly at the same stage of physio- 
logical ontogeny than plants of the same age. If this is true for plants whose 
development is controlled by different levels of mineral supply it may be 
expected to be true of plants whose development has been controlled primarily 
by the interaction of light, temperature, and length of day. 

On the other hand, the permanent effect of the previous external history 
must undoubtedly introduce a source of error in these experiments. Plants 
taken at different times have been found to show differences in dry weight, 
fresh weight, percentage water content, leaf-area, and in the ratios of weight 
of stem, leaf, and root. It thus appears highly probable that plants with 
these differences will not react in an exactly similar manner to any given 
combination of two factors such as light and temperature. The observed 
assimilation rates must therefore be taken as recording the response of plants 
grown under a wide range of seasonal conditions. 

Samples of not less than 20 carefully paired plants were taken from a 
population of 150-250 individuals. At 9.0 a.m. on the day of the experiment, 
one member of each pair was taken at random from the g-oup and the fresh 
and dry weights of stem, of leaf, and of root were determined. At 30- or 
60-minute intervals the light intensity in the greenhouse was recorded, using 
a Holophane lumeter, and the mean temperature was computed from a 
thermograph record. The remainder of the plants were sampled at 4.0 p.m. 

In Table I estimates of the assimilation and translocation rates are recorded 
for thirty-two experiments performed at all seasons over a period of two years, 
together with the mean light intensity and mean temperature during the 
seven-hour assimilation period. 


DISCUSSION OF RESULTS 
Assimilation rate. 


The assimilation rate has been expressed as 


Gain in dry weight of whole plant x 100 
Morning dry weight of leaf system. 


This fraction seems to be a more satisfactory estimate of assimilation rate 
than simply the percentage increase in dry weight of the whole plant, since 
account is taken of the bulk of the assimilatory tissue. Leaf-area measure- 
ments were only made in seven of these experiments, and for comparative 
purposes the conventional measure of assimilation rate has been calculated 
from the data of these experiments and recorded in Table II. The leaf-area 
measurements were made using the phyllometer method of Bolas and Melville 
(1933) and the number of milligrams of carbon dioxide assimilated per square 
decimetre of leaf surface per hour was calculated on the assumption that the 
whole of the dry-matter increase in the seven-hour period was due to the 


TABLE I 
Mean 
Date Mean light Gain in dry Gain in dry 
of temp. intensity Wt. whole plant ¥ wt. stem + root 
experi- (°C.).  (foot- initial dry wt. ~ gainin dry _ 
ment. candles), leaf system wt. plant 
22/8/32 19°4 548 36-0 31°4 
31/8/32 22°8 779 212 22°2 
19/9/32 -14°9 271 19°9 216 
21/9/32 19'0 812 18-6 22°0 
7[10/32 20°6 193 17'°9 25°6 
13/10/32 21-1 428 2752 28-6 
14/10/32 31-4 700 21°6 26:8 
24/10/32 19:0 172 14'0 25°0 
2/11/32 17°8 158 12°8 34°4 
14/11/32 16-4 45 I'l 36°4 
5/12/32 18-0 97 9°6 16°7 
19/1/33 170 57 I9't 61°3 
4/5/33 28-3 1184 44°4 27°7 
11/5/33 24°0 878 318 22°9 
25/5/33 224 = 1056 16°4 17-0 
9/6/33 24°5 233 29'1 31-2 
14/6/33 218 1049 19°6 250 
7/7/33 26:0 1441 36-4 30°6 
20/7/33 -24°5 579 21-2 27°4 
27/9/33 -22°5 146 22°9 27°0 
4/10/33 239 823 29°7 23°8 
11/10/33 23°4 516 43°7 30°9 
25/10/33 17°6 132 POP 10'9 
10/11/33 -17°7 191 Tee 44°2 
16/11/33 -19°2 125 18 (172°0) 
29/11/33 18-1 82 13°3 52°5 
18/1/34 = -17°3 131 14°! 17°3 
28/2/34 18-2 126 12°5 43°2 
2/3/34 19°7 289 14°6 13'0 
12/4/34 23°7 665 38-4 24°0 
27/4/34 21°0 271 25°4 40°6 
16/5/34 26°8 808 28°8 212 
Mean 209 468 21°0 28°5 
TABLE II 
Mean light Mean Co, 
Date intensity Mean leaf 
of (foot- temp. area (mg. per sq. 
experiment. candles). (°C.). (sq. cm.). dm. per hr.). 
22/8/32 548 19°4 327 9°6 
31/8/32 779 228 339 8:8 
19/9/32 271 14°9 311 8:2 
21/9/32 812 19°0 291 7°6 
7/10/32 193 20°6 342 78 
13/10/32 428 2I°l 315 92 
14/10/32 700 21°4 326 Gp? 
Mean 533 19'°9 322 8:3 
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Dry wt. 
stem-+ root 
dry wt. 
plant 
38°9 
24°6 
39°8 
39°8 
40°3 
375 
39°4 
37°1 
376 
36°4 
43'8 
46-1 
39°8 
37'8 
372 
38'5 
37:8 


Gain in dry 


719 


X 100 


assimilated wt. whole plant x 100. 


initial dry wt. 


leaf system 
36-0 
212 
19°9 
18-6 
17°9 
Ag oP 
21°6 
ZY 
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production of a hexose sugar. The mean assimilation rate of seven experi- 
ments performed in the autumn of 1932 was 8-3 mg. CO,/sq. dm./hr., which 
corresponds to an increase in dry weight of the whole plant of 23-2 per cent. 
expressed in terms of the initial leaf weight in seven hours. No account has 
been taken of dry-weight losses due to respiratory activity. 

In Fig. 1 the assimilation rates have been plotted as ordinates against time 


45 


40 


1932 _ 1933 
Assimilation rates of tomato seedlings at different times of the year 


Fic. 1. Assimilation rates of tomato seedlings at different times of the year. 


of year as abscissa. A marked seasonal trend in assimilation rate is evident, 
minimal values being recorded in November. 

Bearing in mind the limitations imposed upon these data by the seasonal 
variations in plant-form and structure, it is of interest to analyse the mean 
response of the plants to light and temperature during a seven-hour assimila- 
tion period. 


The effect of light and temperature on assimilation rate. 


It was found that a linear regression could be used to express the effects of 
light and temperature on assimilation rate thus: 


Y = 0°005061%, + 2°1282x,—25°765, 
where pe gain in dry weight of whole plant x 100 
morning dry weight of leaf system 


x, = mean light intensity in foot-candles 
x2 = mean temperature in ° C. 
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Analysis of Variance 
D.F. S. of sq. M. sq. ‘Zz. or%pt. 1% pt. 
Linear regression . * 2 2265-383 1132°692 +=1°4670 ~—-1:0903 o°8451 
Deviations from regression . 29 1747°586 60-2616 
Total . 4 - 31 4012°969 


Whence the standard error of a single experiment = +7-76. 


Analysis of Multiple Regression. I 


A. Regression of light on 

assimilation (temperature 1 1573°603  1573°603 11-4814 1'2936 =1'0139 

not eliminated) 
B. Partial regression with 

temperature (light effect 1 691-780 691780 = 1:2203.—-1:2936—s ror 

eliminated) ae a 
Deviations from regression . 29 1747°586 60-2616 

Total . : : - 31 4012°969 

(Testing A v. B plus deviations as 30 degrees freedom. 
P; B v. deviations directly.) 


The partial regression of temperature with assimilation rate is found to be 
significant. 
Analysis of Multiple Regression. II 


A. Regression of assimilation 
on temperature (light not 1 2212083 2212°083 1:8034 1'2936 1°0139 
eliminated) 

B. Partial regression of light 


with assimilation (tem- 1 53°300 53°300 
perature eliminated) 
Deviations : : - 29 1747°586 60°2616 
Total . : : - 31 4012'969 


(Testing A v. B plus deviations as 30 degrees freedom. 
a B v. deviations directly.) 


Whence the partial regression of light with assimilation is seen to be 
Non-significant. 
Partial correlation coefficient light with assimila- 
tion = 0-173 (not significant). 
Partial correlation coefficient temperature with 
assimilation = 0-629 (significant). 
The introduction of second order terms into the regression equation did . 
not reduce the error variance appreciably, and since the light coefficient in 
the linear regression has been shown to be insignificant, one may express 
the relationship within the limits of the experiments as 
y = 2°1282x,—25°765, 
or as an inclined plane with temperature and light as ordinate and abscissa 
respectively, and assimilation rate as vertical height. A relief map of this 
plane is given in Fig. 2, the full lines representing 10 per cent. assimilation 
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rate contours calculated from the regression equation. These contours have 
only been inserted to cover the approximate range of light and temperature 
encountered in these experiments, and since photosynthesis may be expected 
to proceed at least up to 35° C. and 4,000 foot-candles, the very limited range 
of conditions obtaining in the greenhouse at Cheshunt is strikingly apparent. 

It is unfortunate that in the present work no observations were made at 
high temperatures and low light intensities and vice versa, for if such points 
were available it might be possible to demonstrate that the straight line con- 
tours shown in Fig. 2 actually form part of curves resembling rectangular 
hyperbolae, which are the contours to be expected on a priori physiological 
grounds. In Fig. 2 the broken lines have been inserted to indicate the general 
type of contours which might be expected. 

The only other plant upon which a detailed study of the interaction of light 
and temperature in controlling assimilation rate has been made is Lemna, 
which is a heliophilous plant. By adjusting the scale of the light axis in the 
solid model figured by Ashby and Oxley (1935) it becomes clear that the 
results obtained in the present work are not necessarily incompatible with 
those found for Lemna, or with those reported by Matthaei (1904) with 
cherry laurel leaves. In the latter work no absolute scale of light intensity 
is given so that direct comparisons are not possible. 

From the unexpected result of these experiments concerning the unimpor- 
tance of light intensity, above certain low minimal values, in controlling 
assimilation rate, one may deduce that this variety of tomato (E.S. 1) has 
been selected for its ability to assimilate well under low light intensities. It 
was actually selected for its growing and fruiting capacities under glass, by 
the Research Station, Cheshunt, which is situated in the Lea Valley where 
fog and mist are very prevalent. This variety of tomato must be regarded 
as a shade plant, despite the sunny habitat of its wild prototype. 

Over the range of light and temperature encountered in these experiments, 
namely 45-1,440 foot-candles and 15~—28-5° C., light thus appears to have 
no effect on assimilation rate whilst temperature was found to have a very 
profound effect. This statement is not necessarily true for all combinations 
of these light intensities and temperatures, for there was a very high natural 
correlation between light and temperature in the greenhouse (r = 0-73). On 
the other hand, it is well known that it is useless to maintain a high tempera- 
ture in the winter months, for by so doing an unhealthy, soft plant useless 
for economic purposes is produced. It might appear, therefore, that the 
length of the light period (i.e. day length) is of greater importance than the 
actual light intensity, provided a certain minimal light intensity of 100-200 
foot-candles is maintained at ordinary glasshouse temperatures. This is in 
accord with the results reported by Bewley (1936) with cucumber seedlings 
grown in January. Plants receiving four hours’ additional daily illumination 
at lig intensities of 70 and 280 foot-candles all showed marked increases 
in gro th over the controls. 
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From the present data there is no evidence of either light intensity or 
temperature being anywhere near the supraoptimal level for assimilation, but 
while it is realized that assimilation rate, balanced growth, and fruiting bear 
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Fic. 2. Diagram of assimilation rate contours from light-temperature-assimilation-rate 
surface (for explanation see text). 


4000 


no simple relation the one to the other, it may be suggested that a careful 
study of the effects of summer shading of the greenhouse might prove 
profitable. 


The effect of other factors on assimilation rate. 


In reviewing this work, it should be pointed out that the standard error 
of the mean percentage assimilation rate in any one of the experiments 
did not usually exceed +6, hence the variance due to error among 
replicate plants, in the complete analysis, is unlikely to exceed 36. In other 
words, only slightly more than one-half of the variance recorded on p. 721 
as due to deviations from the linear regression is accounted for by error 
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among the replicate plants. Since the fitting of second order terms to the 
regression did not appreciably reduce this error variance, it may be assumed 
that some other factors are exerting a measurable influence on assimilation 
rate. This is not unreasonable, since the only factors of which account was 
taken were light, temperature, soil composition, and the stage of development 
of the plant. Other factors which may influence the assimilation rate are: 
(1) atmospheric humidity; (2) soil moisture content, always adequate but 
never controlled in this work; (3) carbon dioxide content of the air; (4) the 
immediate past history of the plant, i.e. as determined by the conditions 
obtaining in the twenty-four hours preceding the assimilation period; (5) the 
general past history of the plant as determining type of plant, &c., as men- 
tioned on p. 718. 

Of these five the last two are probably of the greatest importance in the 
conditions of these experiments. 

As has been mentioned earlier, in the assimilation rates measured in these 
experiments no account of the respiration losses has been made. It must not 
be presumed that such losses are likely to be negligible, for respiration rates 
exceeding 0-8 per cent. of the total dry weight per hour at 25° C. have been 
recorded for normal barley leaves by Gregory and Sen (1937), so that when 
the respiratory losses of the non-assimilating plant organs are also introduced, 
respiration may become an important source of error in experiments of this 
type. 

Under certain conditions the magnitude of the previous day’s assimilation 
and the length of the dark period immediately preceding the assimilation 
period may exert an important influence upon both respiration rate and the 
rate of photosynthesis during the time of the experiment. Matthaei (1904), 
referring to the work of Borodin, states that: ‘Prolonged darkness produces 
a steady diminution in the amount of carbon dioxide given off by a leaf; 
but if such a starved leaf be allowed to assimilate actively even for an hour 
or so the respiration will at once increase greatly, although much additional 
reserve material may not have been produced. Thus the respiration of a leaf 
does not depend merely on the temperature, but is greatly influenced by 
recent assimilation or starvation.’ Later work has served to emphasize the 
importance of these factors. 

It may be suggested that deviations from the assimilation values in the 
winter months, predicted from the regression equation, are related primarily 
to the physiological disturbances accompanying a subnormal carbohydrate 
level. The latter will be induced by the tendency for a low assimilation rate 
to occur on the day preceding the experiment, and this will be accentuated 
by respiratory losses during the long nights. On the other hand, in the 
summer months one of the controlling factors is likely to be the degree of 
accumulation of assimilate on the preceding day, which again may tend to be 
accentuated by the shortness of the summer night, which may not be of 
sufficient duration to permit of complete utilization of all the available carbo- 
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hydrates in growth. Unfortunately neither light intensity nor total radiation 
are recorded at Cheshunt, so that it has not been possible to attempt correla- 
tions between assimilation rate and the conditions obtaining on the previous 
day; greenhouse temperatures on the day preceding are not available. 

One measure of the past history factors is given by the morning water 
content of the tissues, and under certain conditions this may be correlated 
with assimilation rate, as Melville (1937) has shown. It seems probable, how- 
ever, that the magnitude of this value, with plants receiving a normal length 
of night, will be largely conditioned by the integration of the whole of the 
plants’ previous history, rather than by the history of the past twenty-four 
hours. No simple correlation could be demonstrated between the deviations 
of the observed from the predicted assimilation values and the morning 
water content of the tissues. 

Estimations of the starch and sugar contents of the tissues prior to the 
assimilation period might prove valuable in assessing the importance of the 
carbohydrate level as a factor in photosynthesis. 


The movement of assimilate into the stem and root. 


The data available enable one to calculate not the full translocation but 
that part of the translocated material which passes out of the leaf system 
to the root and stem. There must be very considerable translocation from 
one part of the leaf system to another, i.e. from the older to the younger 
rapidly developing leaves. 

The assimilation carried on by the green stem being negligible, the fraction 
of the total assimilate passing into the stem and root or Gain in Dry Weight 
of Stem-+ Root x 100/Gain in Dry Weight Whole Plant will be referred to as 
the percentage of assimilate translocated. 

Data of the percentage of assimilate translocated. In Table I, col. 5, the 
numerical values of the percentage of assimilate translocated in the assimila- 
tion experiments are presented, and in Fig. 3a the ‘running means’ of these 
values (taken in threes) have been plotted graphically against the date of 
experiment. 

In Fig. 3B the values of the fraction Dry Weight Stem-+ Root x 100/Dry 
Weight Plant have been plotted against the date of experiment and are shown 
by a broken line. These values are presented numerically in Table I, col. 6. 

It will be seen from Figs. 3a and 3B that there is a general correlation be- 
tween the percentage of assimilate translocated inthe seven-hour period and the 
proportion of the plant which is formed by stem and root. It is to be expected 
that the ratio of stem+root/plant will be determined by the integration 
of all the fractions of assimilate translocated throughout the previous history 
of the plant, and a measure of this integration has been obtained by taking‘ run- 
ning means’ of the experimental values as stated above. By this method the 
large fluctuations manifest in the individual estimates of translocation rate have 
in Fig. 3a been considerably reduced. The greater height of the maximum. 
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Fics. 3A and 38. Fig. 3a. The percentage of assimilate passing out from the leaf system 
into the root and stem is plotted against season. Fig. 3B. The ratio of the weight of the stem 
and root to that of the whole plant is plotted against season. 


of the translocation curve of Fig: 3a as compared with that of the dry weight 
distribution curve of Fig. 3B is due entirely to the inclusion of the experiment 
of November 16th, 1933, in which the percentage of assimilate translocated 
is recorded as 172. This figure is undoubtedly erroneous, since the maximum 
value possible is 100. With this point omitted, the curve takes the position 
indicated by the dotted line in Fig. 3B. 
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The similarity of the general trend of the two curves shown in Figs. 3a and 
3B might suggest that the bulk of the assimilate that is moved out into the stem 
and root actually passes out of the leaf system during the period of assimila- 
tion. The mean values given in Table I, cols. 5 and 6, serve to emphasize 
this suggestion very strongly. Omitting the experiment of November 16, 
1933, it will be seen that the mean of thirty-one experiments for the fraction 
of the assimilate translocated in the seven-hour assimilation period is 28-5 
per cent. If the form of the plant is maintained approximately con: tant over 
a twenty-four hour period, then 39-2 per cent. of the assimilate may be taken 
as moving into the stem and root in twenty-four hours, for this is the fraction 
which the stem and root initially form of the whole plant. This leads to the 
deduction that of the total translocation of assimilate to be expected as a 
result of a seven-hour period of photosynthesis, 72 per cent. of that trans- 
location occurs during the period of assimilation. 

It has not been possible to demonstrate any simple correlation between 
light and temperature and the percentage of assimilate translocated. As has 
been pointed out above, this translocation fraction is subject to wide fluctua- 
tions, so that the result must not be taken as affording positive evidence 
against the existence of some relatively simple correlation. 

Again, there is considerable evidence from many sources that the concentra- 
tion gradient of carbohydrates from leaf to stem and root is a factor of prime 
importance in determining the rate of translocation; thus one might reasonably 
seek a correlation between the assimilation rate and the percentage of assimi- 
late translocated. The limitations of this type of experiment are here very 
evident, for assimilation rate and the percentage of assimilate translocated, as 
defined above, are in fact only approximations and a correlation between the 
two is merely one between the absolute gain in dry weight of stem and root 
and the reciprocal of the initial leaf weight. 


SUMMARY 


1. The results of thirty-two experiments are recorded, in which the in- 
crease in dry weight of seedling tomato plants over a seven-hour period of 
natural light in a greenhouse has been determined using a ‘paired plant’ 
method. 

2. A marked seasonal trend in assimilation rate is demonstrated, with 
minimal values in November. 

3. A statistical analysis of the data leads to the conclusion that under the 
conditions of glasshouse culture and over the range of light and temperature 
encountered in these experiments, namely 45-1,440 foot-candles and 15° 
28-5° C., light has no effect on assimilation rate, whereas temperature is 
positively correlated with assimilation rate. It is pointed out that this state- 
ment is not necessarily true for all combinations of these light intensities and 
temperatures, since there was a high correlation between light intensity and 
temperature in the glasshouse (r = 0-73, p < 0°01). 
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4. The effect of temperature on assimilation rate can be expressed by the 
linear regression equation, 
y = 2°128 x,.—25°765 
Gain in dry weight whole plant in 7 hrs. 
Initial dry weight of the leaf system 


and x, = mean glasshouse temperature in ° C. 
The partial correlation coefficient of temperature with assimilation rate (with 
the effect of light eliminated) = 0-629. 

5. The movement of assimilate into the stem and root is discussed and 
seasonal variations were demonstrated in the fraction Gain in Dry Weight 
Stem-+ Root x 100/Whole Plant which is taken as a measure of transloca- 
tion. This measure in the seven-hour assimilation period tended to reach a 
maximum in the winter months. Seasonal variations in this ratio were found 
to run closely parallel with variations in the ratio of the dry weight of stem 
plus root to the dry weight of the whole plant. 

6. The mean value (thirty-one determinations) of the fraction of assimilate 
passing from the leaf system into the stem and root in seven hours was 28: 5 
per cent. In these plants the dry weight of stem plus root was 39:2 per cent. 
of the dry weight of the whole plant. 


Xx 100 


where y = 


In conclusion the authors desire to express their appreciation of the advice 
and interest accorded to them throughout the course of these investigations 
by Professor V. H. Blackman, Dr. W. F. Bewley, and Professor F. G. 
Gregory. Sincere thanks are also due to Mr. F. J. Richards for. advice 
concerning the statistical treatment of the results and for a critical examina- 
tion of the manuscript. 
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Studies on the Nitrogen Metabolism of Plants 


II. Interrelations among Soluble Nitrogen Compounds, Water and 
Respiration Rate 


BY 
J. G. WOOD 
AND 
A. H. K. PETRIE 


(From the Department of Botany and the Waite Agricultural Research Institute, the University 
of Adelaide)! 


With fourteen Figures in the Text 


INTRODUCTION 


lies paper I (Petrie and Wood, 1938) of this series were presented the results 

of three experiments on nitrogen metabolism in the leaves of the grasses 
Phalaris tuberosa L. and Lolium multiflorum Lam. The aim of the experiments 
was to obtain quantitative information concerning the relations among the 
amounts of various nitrogen compounds present. The results were discussed 
in so far as they concerned the relation between the amount of protein in the 
leaves and certain other quantities that varied as the result of the experimental 
treatment; it was concluded that the protein content of the leaves increases with 
both amino-acid content and water content, and that, although neither a con- 
stant, nor perhaps even a drifting, steady state was attained in these experi- 
ments, such a state would probably be characterized by the same relationship. 

There remains to be considered in this second paper the results for the 
soluble nitrogen compounds and for certain other variables determined in 
the above-mentioned experiments. 


NOTATION 


The following symbols will be used, the contents of various components 
of the leaf material being on a dry weight basis. 


N, ammonia-nitrogen content R, respiration rate 

Ag, residual amino-nitrogen content P, probability that a given correlation or 
M, 2X amide-nitrogen content regression coefficient should arise, by 
P, protein-nitrogen content random sampling, from an uncorrelated 
S, reducing-sugar content population 

U, water content V, defined in Table I 


PH, that of the expressed sap 

‘ This investigation is one of a series financed co-operatively by the Carnegie Corporation 
of New York, the Australian Council for Scientific and Industrial Research, and the University 
of Adelaide. 

{Annals of Botany, N.S. Vol. II, No. 7, July 1938.] 
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THE AMMONIA-NITROGEN CONTENT 


When N is plotted against the amount of nitrogen supplied externally it is 
found that the slope of the curve increases markedly with the latter quantity. 
The point at which the first very pronounced increase in N occurs is fre- 
quently also that at which U begins to fall rapidly; possibly the fall in U 
produced some change in the cells leading to increase in their permeability 
to ions or molecules.! Examination of the data shows that the large quantities 
of ammonia in the leaves of the plants with high nitrogen treatments entered 
from outside and did not arise from protein hydrolysis. 

As was observed in paper I, the large values of N are not associated with 
increased pH of the expressed sap. Since the completion of the experiments, 
estimations of total organic-acid content of the dried leaf material have been 
carried out by the method of Pucher, Vickery, and Wakeman (1934) ;? the 
mean results of duplicate determinations are plotted in Figs. 2 and 6 for 
Experiments I and III, the two experiments where high values of N were 
obtained. It was found that the equivalent amount of organic acids present 
exceeds that of ammonia even with the highest nitrogen treatments, and this 
may account for the absence of increase in pH. Alternatively, of course, 
the ammonium ion could have been neutralized by the simultaneous uptake 
of anions. 


THE RESIDUAL AMINO-NITROGEN CONTENT 
Experiment I. 

The drifts with time are illustrated in Fig. 1; the chief point of note in this 
figure is the tendency of the drifts in A, to follow the direction of those in R. 
Fig. 2, illustrating the treatment effects, shows that A, increases with N; 
this was not revealed in Fig. 1, where the drifts of N are small. In equation 
(1), Table I, is given the regression of Ap on log N and R. The coefficient 
for log N is insignificant (P = or), although omission of this term consider- 
ably decreases the goodness of fit as measured by V in the table (equation (3)); 
omission of the R term renders the log N coefficient significant, but decreases 
V (equation (2)). These phenomena are probably due to the fact that R is 
correlated with N (correlation coefficient = 0-70; P< o-o1), and conse- 
quently takes up a portion of the variance really attributable to N. At the 
same time it is probable that part of the variance of A, is ascribable only toR; 
in other words, there may be a real relationship between A, and R. These 
relationships can be seen by examination of Fig. 7, where the data for Ap 
for the whole experiment are plotted against N.3 Substitution of N for log N 


* The decrease in U may have been caused, as suggested in paper I, by the effect of 
ammonium-ions or ammonia on the roots; cf. also Petrie (1937). 

2 ‘These estimations were made by Miss J. E. Brooke. 

3 Whenever in this paper the data for successive days are combined, it must be taken into 
account that any relationship among the variables could conceivably be obscured if the 
system was at different distances from a steady state on different days of the experiment 
or even with different treatments. : 
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Fic. 1. Drifts with time in the contents of various components of the leaves, and in R, 
Experiment I. Values of R, Ap, and M calculated from the regression equations of Table I 
are also plotted, the equation number being given in each case. (From the data of Table IV 
paper I.) 

Units (including all quantities expressed in this and subsequent figures) : 

Water: gm. associated with 100 gm. dry matter. 

Organic acids: milli-equivalents per 100 gm. dry matter. 

Reducing sugars: as mgm. glucose per 100 gm. dry matter (the values, not being signifi- 
cant to four figures, have been multiplied by 107"). 

Respiration rate: mg. CO, per gm. per hour. 

Nitrogen compounds: mg. per 100 gm. dry matter. 


in equation (1), giving equation (4), results in a slight decrease in V; there is 

thus a possibility that the Ap-N relation is represented by a curve concave to 

the N axis, rather than by a straight line. When terms in pH and U are added 

to the regression they are found to have insignificant coefficients and to 

decrease V; this is also found when a U term is added to equation (2); but 
966-7 3B 
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TABLE I 


Regression Equations 


All the regressions are significant at or below the 5 per cent. point. Coefficients 
significant at or below the 5 per cent. point are given in bold figures, those not 
significant in ztalic figures. 


NOTATION 


V percentage of the variance of the dependent variable ascribable to the average effect of 
the independent variables; derived from the equation 


a 100{ 1— ( dia ) (—R»)} 
N= PT 

where 7 is the number of observations, p the number of independent variables, and R the 
multiple correlation coefficient of the dependent variable with the independent variables. 

D.F. residual degrees of freedom. 

Ares. var. square root of variance of dependent variable not accounted for by the regression. 

The remaining symbols are as given in the list earlier in the paper. 

The units are those given in the tables of paper I and in the legend to Fig. 1 of the present 
paper. 


V D.F. ‘res. var. 
EXPERIMENT I. 


(1) Ap = a+, logy) N+5,.R 71 12 39°51 
a= —42'5 
by = 37°321'27 
by = 52:34+18-°85 
(2) Ap = a+b logy N 55 13 48-68 
a= 71°6 
= 79-1+10°43 
(3) dg = a+bR 40 13 6-25 
(4) Ap = a+b,N+56,R 66 12 42°42 
(5) M =a+b,N—5b,.R 90 12 42°26 


a = 245°5 
b, = 1:06+0-o11 


by = 43°37 20112 
(6) M = a+bN 87 13 49°53 


a= 96:7 
Di 1:06+0-011 

(7) R = a+b,Ap—b,U 68 12 0°45 
a= 3748 


b, = 0-00785+.0:001865 
b, = 0:00253+0:-000846 
EXPERIMENT IT. 


(8) Ap = a+b, log,, N+6,U 


57 789 Wii22-15 
a= —97-7 . 
b, = 80-6-418-50 
by = 0:275+0:0733 
(9) Ap = a+b,N+b,U 32 18* = 27°43 
(10) R=a+b,Ap—b,U 26 18  0°550 
a = 5°36 


b, = 0:00559-+0-004036 
b, = 0:00592+0-002015 
(11) R= a—bU 22 19 0°565 


wy cays was omitted in calculating this regression as there is no value for Ar: N3, 
day 1, was also omitted, as was the case in the calculation of equations (5) and (6), Table VII, 


in aie I; this was done as there was some doubt as to the accuracy of the Ap value for this 
sample. 
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EXPERIMENT IIT. V D.F. ‘res. var. 

(12) Arp = a+b log, N 90 13 45°20 
a = —23°0 
b = 165-0+4+14-7 

(13) Ap = a+}, logig N+5,U 97 12 23°80 
a= —78-0 


b, = 176:0+25°6 
by = 0:0994+0°227 


(14) Ap = at+bS 90 13 45°89 
a = —98-0 
b = 79-2+7°30 
(15) M = a+b log, N 90 13 88-00 
a = —140°0 
tbh = 324+29:00 
the high correlation between N and U (correlation coefficient = —o-82; 


P < 0-01) may obscure a possible relation of Ap to U. 


Experiment IT. 


The time drifts are illustrated in Fig. 3: those for Az are mostly small, 
and there is no suggestion of relation of Ap to R or to any other variables. 
Fig. 4 shows the relation to ammonium sulphate treatment and Fig. 5 that to 
asparagin treatment: on the whole, N, Ap, and R tend to increase with 
treatment. In equation (8) is given the regression of A, on log N and U, and 
the calculated values are plotted in Figs. 3, 4, and 5; the data are also plotted 
as a whole in Fig. 8. The relation of Ap to N is given by curves concave to 
the N-axis, the concavity being particularly apparent if the individual points 
are joined for days 2 and 3; equation (9) shows that the fit to a linear equation 
is less good; but it is not suggested that the logarithmic function is the best 
fit, although it describes the concavity sufficiently well for present purposes. 

It is noteworthy that there is a significant partial regression of Ap on U; 
in this experiment U and N are unrelated (correlation coefficient = +-0-055; 
P = 0°8), under which conditions perhaps the Ap-U relation is revealed. 
There is, however, ground for regarding this observation as not entirely con- 
clusive. Examination of Fig. 8 shows that the significance of the relation of 
Ap to U rests on the data of day 4, which were obtained from plants of 
necessity placed in the cabinets a day later than those used for analysis on 
days 1-3; the day 4 data may not, therefore, be exactly comparable with the 
rest. Furthermore, the plants of U = 214 and U = 245 had dry weights 
significantly below the average (see Table II, paper I), which may also render 
the data for these plants incomparable with the rest. 

No relation to R is apparent, as is found on addition of a term in this 
variable to the regression equation. The data may be insufficient to reveal a 
relationship to a third variable even if relationship existed: the goodness of fit 
in equation (8) is considerably less than it was for equation (1) for Experiment I, 
possibly in part because of the smaller range over which the values of N extend. 

Examination of the calculated values for Ap does not suggest that the 
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Fic. 2. Treatment effects on the contents of various components of the leaves, and on R, 
Experiment I. Values of R, Ap, and M calculated from the regression equations of Table I 
are also plotted, the equation number being given in each case. Units are as given in the 
legend to Fig. 1. (From data of Table IV, paper I.) 

A,-N relation is different with asparagin treatment from that with ammonium 
sulphate treatment; similarly, if the points for the ammonium sulphate 
treatments are joined separately for the individual days, those for the 
asparagin-treated plants donot depart appreciably from the curves so obtained. 
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Experiment III. 


The time drifts in this experiment are slight and have not been considered 
worth illustrating, but Fig. 6 shows that Ap, N, and S all rise with treatment. 
In the regression equations of Table I, it is seen that 90 per cent. of the 
variance of A, can be accounted for in terms of either log N or S, but when 
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Fic. 3. Drifts with time in the content of various components of the leaves, and in R, 
Experiment II. Values of R and Ap calculated from the regression equation of ‘Table I are 
also plotted, the equation number being given in each case. Units are as given in the legend 
to Fig. 1. (From data of Table V, paper I.) 


both variables are included in the regression it is found that there is partial 
regression only with log N; this is obviously the result of the correlation 
between N and SS, which perhaps arises from the fact that both these variables 
increase with decrease in U. When a term in U is added to the regression 
it has an insignificant coefficient, but increases V (equation (13)); this is 
perhaps partly due to the high correlation between N and U (correlation 
coefficient = —o-96; P < o-o1); the standard error of the U coefficient is 
very high, and there is no evidence here of a real relation between Ap and U. 
In Fig. 9 the observed values of Ap are plotted against NV, together with 
equation (12). That the goodness of fit is so great compared with that in the 
other experiments is probably mainly due to the wide range over which the 
values of the independent variable extend. 
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General conclusions. 


It is known that amino-acids are liberated in the hydrolysis of proteins 
and are also synthesized from ammonia and certain carbon compounds 
probably formed in glycolysis. They can furthermore be deaminated to form 
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Fic. 4. Effect of ammonium sulphate and varying water-supply treatments on the contents 
of various components of the leaves and on R, Experiment II. Values of R and Ap calculated 
from the regression equations of Table I are also plotted, the equation number being given 
in each case. ‘Units are as given in the legend to Fig. 1. (From data of Table V, paper 1.) 


ammonia and carbon residues.' It does not follow that degradation proceeds 
in the reverse direction to that of synthesis: in the process of oxidative 
deamination different carbon residues may result from those forming the 
reactants in synthesis, and the sole fate of such residues may be that of con- 


’ A schema for the reactions in nitrogen metabolism with which we are concerned was 
given in paper I; since that paper was written, two others have appeared—Gregory and Sen 
(1937) and McKee (1937)—in which there is further relevant discussion. 
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sumption in respiration. Nevertheless, if a steady state or an approximation 
thereto was attained in the experiments, we may expect that the concentration 
of amino-acids would be related to that of both of their precursors, although, 
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Fic. 5. Effects of asparagin treatment on the contents of various components of the leaves 
and on R, Experiment II. Values of R and A 'R calculated from the regression equations of 
Table I are also plotted, the equation number being given in each case. On day 3, Resi. 
has the same value for both treatments Aza and Azb. Units are as given in the legend to 
Fig. 1. (From data of Table V, paper I.) 
of course, probably a number of different amino-acids are synthesized from 
different carbon compounds. 

In all three experiments the curve relating A, to N is concave to the N 
axis, and it is proposed to consider possible explanations for this fact; however, 
reference must first be made again to the existence of some evidence, in the 
data of Experiment II, for a relation of Ap to U. In Experiments I and III 
the high correlation between N and U may obscure a similar relation of 
A, to U; if such a relation existed, it would imply that with constant U the 
concavity of the A,-N curves should be less than that found, although the 
results of Experiment II indicate that they are still concave even with constant 
U. From this fact alone it would be expected, employing reasoning similar 
to that set out in paper I for the P-A relation, that there should be a relation 
of Ap to U. 

The concavity, then, is not accounted for by any relation of Ap to U. 
Another explanation that presents itself can also be excluded. It could be 
suggested that the property is due to the system in the different plants being 
at different distances from a steady state (drifting or constant), and that at 
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Fic. 6. Treatment effects on the contents of various components of the leaves, and in R, 
Experiment III. Values of Ap and M calculated from the regression equations of Table I 
are also plotted, the equation number being given in each case. The units are as in the legend 
to Fig. 1. (From data of Table VI, paper I.) 
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such state the curve would be of different form. More specifically, it could 
be suggested that, where N is high, the amino-acid content had not reached 
a steady state, whereas a closer approach to such state had been attained where 
N is low. A survey of the drift graphs, however, reveals that, when JN is 
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Fic. 7. Ag plotted against N, Experiment I. The corresponding value of R is given for 
each point. The curve is that of equation (1), Table I, for the mean value of R (= 3°43). 
The scale of R increments shows the distance that, according to the equation, has to be 
added to, or subtracted from, the ordinate of any point on the curve to give the value of A R 
corresponding to a point with the same value of N but with a value of R above or below 
3°43. Units are as given in the legend to Fig. 1. (From data of Table IV, paper I.) 


high, A, is frequently falling with time rather than rising; the suggestion 
is therefore unjustified, unless there is a very considerable lag between change 
in content of ammonia nitrogen and the commencement of change in content 
of amino-nitrogen in the same direction. 

Two possible explanations for the concavity may now be considered. In 
the first place, the concentration of the carbon compounds may have acted 
as a limiting factor, as would be the case, for instance, if these compounds 
were formed at a constant limiting rate, or at a rate that falls with rise in 
N. There is no information as to the amounts present of the non-nitrogenous 
precursors of amino-acids; it is possible that these are organic acids, but the 
total organic-acid content shows no relation to Ap, or in fact to any variables 
measured. 
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A second explanation may be that, when a steady state is reached, the 
concentration of amino-acids is maintained at a value higher than that of 
equilibrium by the expenditure of metabolic energy; in this case the form of 
the relation between amino-nitrogen content and the content of its precursors 
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Fic. 8. Ap plotted against N, Experiment II. The corresponding value of U is given for 
each point, and the diacritic symbols marking the points corresponding to the asparagin 
treatments have white centres. The curve is that of equation (8), Table I, for the mean value 
of U (= 383-9). The value for N3, day 1, was omitted in calculating the regression, and the 
corresponding point is enclosed in brackets. The scale of U increments shows the distance 
that, according to the equation, has to be added to, or subtracted from, the ordinate of any 
point on the curve to give the value of Ap corresponding to a point with the same value of 
N but with a value of U above or below 383-9. Units are as given in the legend to Fig. 1. 
(From data of Table V, paper I.) 


would be a function of the rate of energy release and could be of the concave 
form observed. It is of interest in this connexion that, in Experiment I, Ap 
increases with R: a possible explanation is that both R and amino-acid 
concentration increase with increase in concentration of glycolysis products ;! 
it is, however, also a possibility that, if the concentration of amino-acids is 
maintained at a non-equilibrium value by expenditure of energy, the amount 
of energy expended in this direction may increase with increase in R,? so 
that the concentration of amino-acids, and hence Ap, would increase with R. 

It should perhaps be noted here that Richardson (1934) has shown that the 
van Slyke method does not give quantitative estimates of certain amino-acids; 
whether this could lead to a distortion of the Ay-N curve it is impossible to say. 


™ It should be noted here that the variation in R can be partly accounted for in terms of 
the variation in Ap and U. 

2 As pointed out elsewhere (Petrie, 1933), this type of relationship is not inevitable: it 
depends on the manner in which the various oxidative mechanisms of the cell are interlinked. 
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Fic. 9. Ag and M plotted against N, Experiment III. The curves are those of equations 
(12) and (15), Table I. Units are as given in the legend to Fig. 1. (From data of Table VI, 
paper I.) 
THE AMIDE-NITROGEN CONTENT 


Experiment I. 

The drift with time is illustrated in Fig. 1; whereas the drifts in Ap tend 
to follow those in R, the drifts in / tend to be in the reverse direction. Fig. 2 
reveals M also as increasing with N, on the whole more rapidly than Ap. 
Equation (5), Table I, gives the regression of M on N and R;; inclusion of 
a term in R slightly improves the fit, although the coefficient just fails to be 
significant at the 5 per cent. point (P = 0-052); substitution of log N for N, 
whether or not the R term is included, considerably decreases the goodness 
of fit; the linearity of the relationship is also shown in Fig. 10, where the MZ 


742 Wood and Petrie—Studies on the 


EXPERIMENT | 


$00 


400 


300 


R Increments 


2 x AMIDE N 


20 


24 
3 


fo) 100 200 300 400 


NH,-N 


Fic. 10. M plotted against N, Experiment I. The corresponding value of R is given for 
each point. The line drawn through the points is that of equation (5), Table I, for the mean 
value of R (= 3:43). The scale of R increments shows the distance that, according to the 
equation, has to be added to, or subtracted from, the ordinate of any point on the curve to 
give the value of M corresponding to a point with the same value of N but with a value of 
R above or below 3°43. Units are as given in the legend to Fig. 1. (From data of Table IV, 


paper I.) 

data are plotted against N and the regression line of equation (5) is also 
drawn. When terms in pH and U are added to the regression they are found 
to have insignificant coefficients and to decrease V. 
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Experiment II. 


Fig. 3 illustrates the time drifts; no definite correlation is suggested between 
the drifts in M and those in any other variable. Figs 4 and 5 show that M 
increases with N;; this is also shown in Fig. 11, where M is plotted against N 
for each day. Statistical and graphical examination of the data does not reveal 
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Fic. 11. M plotted against N, Experiment II. The corresponding value of U is given for 
each point. The diacritic symbols marking the points corresponding to the asparagin treat- 
ments have white centres: the treatment designations are given against these symbols in the 
larger figures, the A’s being omitted; e.g. treatment Az is designated 2, &c. For reasons given 
in the text, no curve is drawn through the points. Units are as given in the legend to Fig. 1. 
(From data of Table V, paper I.) 
any partial relation of M to R or U; we have not, therefore, given a regression 
equation for the relation of M to N alone, since the curvature is such that it 
cannot be accurately expressed by a simple regression function. Disregarding 
the data for the asparagin treatments, it is evident that the points fall closely 
on a curve concave to the N axis, with the exception of one point on day 4, 
which has the high U value of 476; the data, however, are not complete 
enough to define the curve accurately, especially in the region of maximum 
curvature. 

There is a suggestion that, with the asparagin treatments, where M is 
large (viz. in A3, day 1; in Aza, day 3; and perhaps to some extent in A3, 
day 2, where M is not so large), the points tend to lie above the M-N curve: 
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where M is comparatively small, the points conform to the relation indicated 
by the points for the ammonium sulphate treatments. This would suggest 
a considerable disturbance of the steady state with high asparagin treatment ; 
but the suggestion is not a strong one on account of the general scatter of the 
points. 


Experiment III. 

The time drifts in this experiment are slight and reveal no distinctive 
features. Figs. 6 and 9 show again that M increases with N, and the M-N 
relation is again given by a curve concave to the N axis. The regression 
given as equation (15), Table I, and the calculated points plotted in Fig. 6, 
show that the variance in M can be largely accounted for by variation in N. 
There is also a correlation between M and S, attributable, as in the case of 
the amino-acid data, to the correlation between log N and S. The addition. 
of a term in U to the regression gives an insignificant coefficient and de- 
creases V, 


General conclusions. 


Amides are probably liberated in protein hydrolysis, but their main source 
is that of synthesis from carbon compounds and ammonia. The picture 
is thus somewhat similar to that suggested for amino-acid synthesis, and 
again we are probably not concerned here with a single compound, but at 
least with both asparagin and glutamin (see Schwab, 1936). 

The data as a whole show that a large amount of the variance in M can 
be accounted for in terms of the variation in N. Except in Experiment I, 
the M-N curve is concave to the N axis; and the slope at any point is usually 
greater than that of the corresponding A,-N curve. Similar suggestions could 
be made as to the reason for this concavity as were made for the amino-acid 
data; it is evident again, on examination of the drift data of Experiment I], 
that concavity is not due to the high M values being most removed from 
those characteristic of the steady state. 

No significant partial regression on any variable other than N can be 
found. The insignificant one on R in Experiment I indicates no real relation- 
ship to respiration rate, especially as there is no further suggestion of it in 
the other experiments. It is worth noting, however, that Fife and Frampton 
(1935) found that, when sugar-beet leaves are exposed to high concentrations 
of carbon dioxide, amides are reversibly broken down giving free ammonia 
which increases the pH of the sap;' this suggests that the formation of amides 
may in some circumstances be affected by the carbon dioxide produced in 
respiration. As in the case of Ap, there is no relation of M to U or sap pH. 
A relation to U may again have been obscured by the correlation between 
N and U in Experiments I and III, and it might be concluded from Fig. 11 
that, in Experiment II, such relation could have been obscured by the 


' In passing, it is interesting to note that Thornton (1933) also found that, in presence of 
oxygen, carbon dioxide made sap more alkaline. 


a 
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scatter in the data; perhaps, therefore, until further data are available, no 
great significance should be attached to the failure to reveal a relation be- 
tween M and U. In contrast to the present finding, Kultscher (1932) and 
Garber (1935) concluded that the M-N relation is largely determined by 
the sap pH, the ‘equilibrium’, according to Kultscher, being shifted more 
towards amide the higher the pH. 

The increase of N in the leaves of asparagin- rereated plants as compared 
with untreated shows that break-down of asparagin occurred. In fact, it is 
evident that asparagin was converted into amino-acids, probably partly via 
ammonia; there is no suggestion in Fig. 8, however, that aspartic acid accumu- 


lated so much as to deflect the Ap-N relationship from that occurring with 
the other treatments. 


‘THE RESIDUAL-NITROGEN CONTENT 


The residual-nitrogen content values have been included in the graphs 
for completeness although they do not reveal any definite relationships to 
other quantities. There is an occasional tendency for the residual nitrogen 
content to rise with N, and in-Fig. 1 the time drifts tend to follow those of 
U and P, except with treatments K and KN. Residual-nitrogen content 
values, of course, are Subject to considerable inaccuracy inasmuch as they are 


obtained by difference, and in any case the residual-nitrogen comprises several 
dissimilar chemical entities. 


THE RESPIRATION RATE AND THE REDUCING-SUGAR CONTENT 
Experiment I. 


The R drifts tend to follow the direction of those in a number of other 
variables, viz. P, Ap, U, and pH, as is seen from Fig. 1 and from Fig. 1 of 
paper 1; Fig. 2 shows, however, that R is affected by treatment in the opposite 
direction to U. In Fig. 12 the data are combined and R is plotted against U. 
The negative correlation is again apparent; examination of the combined 
data also shows, however, that R is related either to Ap, or N. The regression 
of R on Ap and U is given in equation (7), Table I, and the regression line 
is drawn in Fig. 12 for the mean value of A,; the selection of Ap rather than 
N is arbitrary, and, as these two variables are highly correlated, equally good 
relations could probably be found between either of them and R. 

The reducing-sugar content tends to drift with time in the opposite 
direction to R, but otherwise shows no relationships with other variables. 


Experiment IT. 


The drifts with time in R (Fig. 3) tend to follow those in U, whereas the 
drifts in S tend to be in the reverse direction. In the graphs showing treat- 
ment effects (Figs. 4 and 5) there is a frequent tendency for R and S to 
increase together, but otherwise no distinctive features are apparent. In 
Fig. 13 R is plotted against U: excluding one point of high R value enclosed 
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in brackets a negative correlation is again evident. In equations (10) and ( 11) 
are given the regressions of R on U and Ap, and on U alone; the partial 
regression on Az, is insignificant, although inclusion of the A, term slightly 
improves the fit of the equation. The data for N3, day 1 (the point referred 
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Fic. 12. R plotted against U, Experiment I. The corresponding value of Ap is given for 
each point. The line drawn through the points is that of equation (7), Table I, for the mean 
value of Ap (= 195'5). The scale of Ag increments shows the distance that, according to 
the equation, has to be added to, or subtracted from, the ordinate of any point on the line to 
give the value of R corresponding to a point with the same value of U but with a value of 
Ap above or below 195-5. Units are as given in the legend to Fig. 1. (From data of Table IV, 
paper I.) 
to above), were omitted in calculating the regression, as there is some doubt 
concerning the accuracy of the observed value for A r (= 98); the value 
calculated from equation (8) is 157, which accords better with the suggested 
relation between R and Ap. The unaccountable variance in R is high. 


Experiment III. 


The drifts with time are too small to allow conclusions to be drawn. 
Treatment effects are shown in F ig. 6: S rises with treatment, whereas R 
rises at first and then falls. In Fig. 14 R is plotted against U: here there is 
very little suggestion of a relation of R to A n> as U falls to a value in the region 
of 300, R shows little general change; with further fall in U, R also falls. 
The high correlation between Ap and U may have obscured any relation of 
R to Ap. As has already been mentioned, this experiment also shows a high 
correlation between S and N. 


General conclusions. 


The data discussed above show that, down to a certain level, fall in U 
is associated with rise in R: beyond this level further fall in U evidently 
causes R to fall again. This is in conformity with results found by other 
workers. Bouillenne-Walrand (1926) dried Brassica roots in darkness; the 
initial water content was 1,200-2,000 gm. per 100 gm. dry matter; respiration 
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rate rose with progressive desiccation but declined sharply again when the 
water content was reduced to about 300 gm. per 100 gm. dry matter. Smith 
(1915) deprived various plant organs of varying proportions of water. With 
a loss of up to 30 per cent. of the initial water content, respiration rate was 
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Fic. 13. R plotted against U, Experiment II. The corresponding value of Ap is given 
for each point. The line drawn through the points is that of equation (10), Table I, for the 
mean value of Ap (= 107°4). The point for C, day 1, is enclosed in brackets and marked 
91; this point was not included in calculating the regression, as there is no observed value 
for Ap: 91 is the value calculated from equation (8). The point for N3, day 1 (Ar = 98) 
is also enclosed in brackets, as it was omitted from the calculation of the regression: 157 is 
the calculated value of Ap. The scale of Ap increments shows the distance that, according 
to the equation, has to be added to, or subtracted from, the ordinate of any point on the line 
to give the value of R corresponding to a point with the same value of U but with a value 
of Ap above or below 107°4. Units are as in the legend to Fig. 1. (From data of Table V, 


paper I.) 

increased ; further water loss up to 50-60 per cent. of the initial content led 
to no further effect, and thereafter respiration rate decreased again. Smith 
suggests that the phenomenon is due to an effect of water content on enzyme 
activity. Similar results were found in potato tubers by Palladin and Shelou- 
mova (1918). Collorio (1928) found that wilting plants had a greater respira- 
iion rate than the controls. 

It is not proposed to suggest any interpretation for this relationship of R 
to U in the present paper. The interpretation must take into consideration 
the effect of water content on the content of various carbohydrate substances 
in the leaves, and the present reducing-sugar content data are inadequate 
for such consideration. Recent investigations in these laboratories by Mr. 
G. L. Amos have shown that, in experiments such as those discussed, a con- 
siderable amount of non-sugar reducing substances is present in the leaves, so 
the data given here may not be reliable indications of the true hexose contents. 

966.7 3.C 
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In Experiment I, R significantly increases with Ap. Such a relation has 
also been found by Spoehr and McGee (1923), Genevois (1927), Schwabe 
(1932), and Gregory and Sen (1937). Spoehr and McGee consider the 
possibility of an accelerating influence of amino-acids on diastatic activity; 
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Fic. 14. R plotted against U, Experiment III. The corresponding value of Ap is given 
for each point. For reasons given in the text, no curve is drawn through the points. Units 
are as given in Fig. 1. (From data of Table VI, paper I.) 


and Hartt (1934) showed that asparagin greatly increases the hydrolytic 
activity of amylase. The increasé inR may also be due to the deamination of 
amino-acids, which will be more rapid the greater the amino-acid concentra- 
tion: the non-nitrogenoys fraction of the amino-acids may afford a substrate 
for respiration. ‘This view has been put forward by Gregory and Sen. Hamner 
(1936) has also shown an increase in respiration rate by the addition of nitrate 
to plants low in nitrogen but high in carbohydrate; he considers that this is 
probably due to elaboration of amino-acids and their subsequent effect on 
respiration rate. 


SUMMARY 


The relation in the leaves of grasses among the contents of soluble nitrogen 
compounds and of water and the respiration rate have been studied under 
constancy of certain environmental factors. The grasses used were Phalaris 
tuberosa L. and Lolium multiflorum Lam. The following conclusions were 
drawn, and there is ground for believing that these apply to the steady 
state, although such state was not necessarily attained in the course of the 
experiments: 

1. Increase of ammonia-nitrogen content did not increase the pH of the 
expressed sap, possibly because the equivalent amount of organic acids present 
always exceeded that of ammonia-nitrogen. 

2. The curve relating the content of residual amino-nitrogen to the 
ammonia-nitrogen content is concave to the ammonia-nitrogen content axis; 
this concavity might be due to the content of non-nitrogenous precursors of 
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the amino-acids acting as a limiting factor, or it might be due to the main- 
tenance of a state of non-equilibrium between amino-nitrogen and ammonia- 
nitrogen as a result of the expenditure of energy. In one experiment residual 
amino-nitrogen content was also found to increase with increase in water 
content, and in another experiment with increase in the respiration rate, but 
neither of these relationships can be regarded as definitely established, since 
they were not revealed in all the experiments. 

3. The curve relating amide-nitrogen to ammonia-nitrogen content in two 
cases is also concave to the ammonia-nitrogen content axis; no significant 
relation could be found between amide-nitrogen content and any variables 
other than ammonia-nitrogen. 

4. Respiration rate rises as the water content falls to a certain level; further 
fall in water content causes respiration rate to fall. In one experiment also 
respiration rate significantly increased with increase in amino-acid content. 


The authors are indebted to Mr. G. E. Briggs, F.R.S., of St. John’s College, 
Cambridge, for his kindness in discussing the data with them prior to the 
writing of this paper, and in making certain valuable suggestions as to the 
manner of treating them. 
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The Development of the Flowers from the Curd of Broccoli 
(Brassica oleracea botrytis) 


BY 


S. O. S. DARK 
(Horticultural Research Station, University of Cambridge) 


With Plate XXIX 


ele: structure of the head or curd of the broccoli and cauliflower (Brassica 
oleracea botrytis) appears in the literature to have been misunderstood. 

Masters (1849) says: ‘The cauliflower and broccoli afford familiar illustra- 
tions of the hypertrophy of the flower stalk accompanied by a corresponding 
defective development of the flowers’ (p. 421). According to Worsdell (1915), 
‘, . . the whole inflorescence becomes greatly hypertrophied, involving very 
copious branching of the pedicellar system, and in which the flowers are 
completely suppressed, has given rise to the variety of the cabbage known as 
the cauliflower . . .’ (vol. ii, p. 40), and ‘Examples are afforded by the cauli- 
flower and broccoli, in which, owing to excessive hypertrophy of the pedicels, 
the flowers are not developed, or only a vestigial calyx’ (p. 248). 

From this it would appear that the curd has developed into a purely vegeta- 
tive organ. Actually the whole inflorescence is hypertrophied, but the 
flowers are not defective, the curd being merely an intermediate stage in the 
development of the flowers and seed. 

After the curd has developed it is rapidly disrupted by the elongation of 
the main stalks to varying degrees. Plate XXIX, Figs 1-6, show successive 
stages in the further development of one of these pieces of the disrupted curd. 

Fig. 1. 1st day, the masses of white hypertrophied flowers are separating 
by the elongation of the secondary stalks. 

Fig. 2. 3rd day, the stalks are elongating further and losing their fleshy 
character. The white curd is developing pigment (in the centre at 
2 o'clock), while (at 10 o’clock) pigment has been developed and the 

_ hypertrophied bud tissue has begun growing out into buds. 

Fig. 3. 6th day, the same processes are continuing and the buds in the 
centre mass have now differentiated their sepals. 

Fig. 4. 8th day, the minor branches are continuing to elongate and the 
pedicels of the buds are lengthening. At the right-hand side is a partially 
differentiated mass of buds that is beginning to abort, probably due to 
starvation, as it did not appear to have suffered any injury. 

Fig. 5. 17th day, here the buds are nearly ready to burst. The aborted 
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portion of the curd is seen as a dried up mass at the bottom right-hand 
side. 

Fig. 6. 24th day, all stages of flowering from unopened buds to the develop- 

ing fruits are here seen. 

A certain percentage of the curd will probably always abort through starva- 
tion, as the enormous mass of rapidly growing tissue must throw a great 
strain on the channels of food and water translocation. Apart from this 
portion, the whole curd should be capable of developing into flowers. In 
practice this does not occur as the curd is extremely susceptible to injury 
by damp, cold, insects, or bruising, resulting in the abortion of the affected 
portion. Under field conditions most of the curd loss is due to frost injury 
followed by an attack by Botrytis on the injured portion, and the fungus 
sometimes spreads to such an extent that the entire plant rots away. 


SUMMARY 


The growth of the flowers from the curd of broccoli is described and 
illustrated. 
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EXPLANATION OF PLATE XXIX 


Illustrating Dr. S. O. S. Dark’s paper on “The Development of the Flowers from the Curd 
of Broccoli (Brassica oleracea botrytis)’. 


Fics. 1-6. Untouched photographs of the same piece of broccoli curd at successive stages 
of growth. Figs. 1-4 are approximately natural size, Figs. 5—6 are approximately half natural 
size. For description see the text. 
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Studies in Vernalisation of Cereals 


III. The Use of Anaerobic Conditions in the Analysis of the Vernalising 
Effect of Low Temperature during Germination 


BY 
F. G. GREGORY 
AND 


O. N. PURVIS 


(From the Research Institute of Plant Physiology, Imperial College of Science and Technology, 
London) 


With Plate XXX and three Figures in the Text 


INTRODUCTION 


Mike. (1934), in discussing the theoretical significance of vernalisa- 
tion, concluded from the data of Vasiliev (1934) that when the time 
of low-temperature treatment is included with the length of the vegetative 
period, the time elapsing before ear emergence is then no shorter in vernalised 
than in unvernalised plants. Vasiliev himself claimed that this was so only 
over a limited range of durations and methods of treatment, and in a previous 
paper (Purvis and Gregory, 1937) a simple explanation was advanced to 
account for this result. Nevertheless, the present authors at that time 
accepted the statement of Maximov, and sought for a method, other than 
low temperature, to inhibit germination, and thus to prolong the period of 
germination. In this way it was hoped to separate the specific vernalisation 
effect of low temperature from that of mere inhibition of germination. 

The method adopted was to use anaerobic conditions and high concentra- 
tions of CO,. The development of this technique made possible a successful 
experimental demonstration of a quantitative reversal of the vernalising effect 
of low by higher temperatures, as well as the complete inhibition of the low- 
temperature effect in the absence of oxygen. A preliminary account of these 
experiments has already appeared elsewhere (Gregory and Purvis, 1936, 1938). 


Effects of completely anaerobic conditions on germination. 

That cereal grains in a dry condition may be kept viable for long periods 
in an atmosphere devoid of oxygen has long been known. Van Tieghem and 
Bonnier (1882) showed that after two years’ storage of dry grain of wheat at 
air temperature the germination was the same whether kept in presence or 
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absence of air. Filter and Laschke (1909) showed that this was no longer true 
when the grain was kept at 30° C., for then absence of air greatly reduced 
germinating power. Becquerel (1906) showed that no decrease in germination 
followed storage of wheat in a dry condition in nitrogen for one year. 

In imbibed grains a rapid loss of germinating power takes place under 
anaerobic conditions as Dude (1903) showed with rye. Germination after 
fifteen days was reduced 50 per 
cent., while fifty days’ treatment 
killed all the grain. 

The preliminary experiments 
in this investigation consisted in 
keeping winter rye grains in flasks 
completely filled with boiled water. 
Before treatment germination was 
go per cent., after three weeks in 
the dark this was reduced to 50 
per cent., while in the light in the 

TEXT-FIG. 1. Apparatus used for imbibing pay same time a further reduction to 20 
apa ee ee le eas mtg inate per cent. resulted. In order to re- 

strict as faras possible the leaching 
of materials from the imbibed grains by the presence of large volumes of 
water, a method was devised whereby the grain was provided, in an atmo- 
sphere completely free of oxygen, with the exact amount of water for imbibi- 
tion with no excess. For this purpose V-shaped glass tubes were made, sealed 
at the ends, and provided with two side arms through which gas could be 
passed, as shown in Text-fig. 1. Dry sterilized grain was placed in one limb, 
and the requisite amount of sterile tap-water was introduced into the other 
limb by means of a special pipette designed to deliver measured volumes of 
sterile liquid. It was found by preliminary trial that 2 gm. of wheat were 
fully imbibed by 1-1-5 c.c. of water, and rather less was needed for rye of 
the same weight. Before use the tubes were sterilized, and plugged with 
sterile cotton-wool in the side arms. After introducing the weighed quantity 
of sterilized seed the side arms were slightly drawn out, to facilitate sealing 
later, and water added to the other limb. By means of the side arms the tubes 
were connected in series and pure nitrogen passed for thirty hours. While 
still connected to the nitrogen supply the tubes were sealed off with a blow- 
pipe and stored, the grain being kept apart from the water. Imbibition of the 
grain was begun by tilting the tubes so that the water flowed over into the 
limb containing the dry grain. In the first trial exposures of 4, 9, 14, and 21 
days were given at room temperature, while other tubes were kept for six 
weeks at 1° C. On opening the tubes the moist grain was placed in open dishes 
and set to germinate in the dark. In all cases the total percentage germination 
was equal to that of the controls, as seen in Table I. 
The rate of germination varied with the treatment, 50 per cent. germination 
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occurring most rapidly after four days in nitrogen, but longer periods reduced 
subsequent germination rate. In this experiment later growth was not studied. 

A second experiment was begun in the spring of 1935, and the plants were 
later grown to maturity in normal summer days. Both wheat (var. Lutescens 


TABLE I 


Germination of Winter Wheat (var. Lutescens 1060/10) after Exposure 
of Imbibed Grains to Pure Nitrogen 


Days exposed to Ng. oO. A 9. 14. Ae 42 days 
ease (Ce 
Percentage germination . 94 100 94 96 95 94 
Days to reach 50% germination 4:0 2°8 — 4°8 5°5 —_ 


1060/10) and rye (var. Petkus winter) were used in this experiment (5 gm. seed 
170 grains wheat, 155 rye per tube: water added for wheat 3 c.c.; for rye 
2°5 c.c. per tube). The length of exposure to nitrogen was also increased, and 
the effect of temperature and light tested. Three tubes were used for each 
treatment. The controls were treated in the same way except that the water 
was kept apart from the grain. The treatments and results of germination are 
given in Tables II and III. 


TABLE II 


Germination of Winter Wheat (var. Lutescens 1060/10) after Exposure 
of Imbibed Grain to Pure Nitrogen at 20° C. 


Weeks exposed to nitrogen. o. I. PX ee Ss Gs 9. is 

Dark 20°C. . ; . 66 40 13 4 ° ° ° ° 

Light 207 Cy ; oo — — 0-2 ° — ° — 

Dark 1° C, : , oo — — — —- — 20 7 
Tas_e III 


Germination of Rye (Petkus) after Exposure of Imbibed Grain to Pure 
Nitrogen at 20° C. 


6 weeks 
Weeks exposed to Ne. oO. 14 2% Be 4. Se atin. 
Petkus spring rye . IES 7, 77 49 G] ° ° 51 


Petkus winter rye. - 69 — — 25 ° ° = 


At 20°C. anaerobic treatment cannot be prolonged beyond three weeks, 
but at 1° C. exposures up to twelve weeks are not completely lethal. Even 
after storage at 1°C. on opening the tubes considerable volumes of gas 
escaped, mostly nitrogen and carbon dioxide, but a faint odour of ripe fruit 
was noticeable. No evidence of decay was present. In external appearance 
the seed was quite normal even after the longest exposures, but the endosperm 
was soft and glutinous, and in some cases had ruptured the seed coat. The 
embryos were turgid, white, and apparently undamaged. During the first 
day in air the lethal effect of the anaerobic conditions were manifested by 
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blackening and death of the grains. A curious feature was the appearance of 
a black ring in the aleurone layer in many of the wheat grains surrounding 
the embryo. Abnormalities in the seedlings were frequent. In a number of 
cases complete inhibition of root formation was noted, stunting of the roots 
was frequent, and the first leaves were often twisted and malformed. These 
abnormalities disappeared in the surviving seeds, which later became normal 
after the leaves had become green, which suggests a destruction or inhibition 
of growth substances during anaerobic germination, these later being formed 
or activated in the green leaves. A further experiment with spring and winter 
rye confirmed these results. 

It was thought possible, in view of the apparently undamaged state of the 
embryos on first removal, that death was caused by toxic substances formed 
by anaerobic respiration in the endosperm. An attempt was made to circum- 
vent this by removing the embryos and placing on nutrient agar, and also to 
remove toxic material with charcoal; these attempts, however, failed. 


Effects of anaerobic germination on subsequent development. 


1. Devernalisation and revernalisation of spring rye. In 1936 a few tests were 
made with spring rye at 1 and 4 weeks’ exposure to nitrogen during germina- 
tion at 20° C. Only those given one week’s anaerobic treatment survived, and 
the plants were later grown to maturity. The results are given in Table IV. 


TABLE IV 


Spring Rye (Petkus) 1936. Retarding Effect on F lowering of Anaerobic 
Treatment at 20° C. during Germination. 


Treatment. Leaf number. _Days to anthesis. 
Anaerobic 1 week . : 8-0 64:0 
Control . ; : 71 57°73 


There appeared strong indication of a delay in flowering. This might be 
attributed to injury by the anaerobic conditions, but the increase in leaf 
number appeared significant as leaf number has always been found to 
characterize the stage of vernalization (Purvis, 1934) (Purvis and Gregory, 
1937). No treatment during germination previously utilized had shown a 
leaf number greater than seven in spring rye. In 1937 the experiment was 
repeated on a more extensive scale, and the results appear in Table V. 


TABLE V 
Spring Rye (Petkus) 1937. Devernalisation by Anaerobic Germination at 20° C. 
Preliminary period Number of leaves Days to No. of 
in nitrogen, on main axis. anthesis, replicates. 
Control (none). ; : 6:80-+0:20 50°3+0-49 10 
I week : é ‘ 752+011 52°6+0-45 23 
2 weeks : : ; 7 07-0753 54°440°73 24 


3 weeks E : : 8:29+0°36 574+1°70 Gi 
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The earlier results are thus confirmed, and the standard errors given in the 
table clearly show that the results are highly significant both for leaf number 
and time to anthesis. The plants in this experiment are shown in Pl. XXX, 
Fig. 1. 

The increase in leaf number suggests that by the anaerobic treatment spring 
rye has been converted into a condition approaching that of winter rye. Since 
in winter rye low temperature during germination reduces leaf number and 
hastens flowering, the crucial experimental was tried of chilling the spring rye 
seeds after they had already been exposed to anaerobic conditions. After 
varying periods of treatment in nitrogen at 20° C. the rye grain was then kept 
for three weeks at 1° C. previous to planting out. The results are presented 
in Table VI. 

TaBLE VI 

Spring Rye (Petkus) 1937. Revernalisation after Anaerobic Treatment at 

20° C. by Exposure to 1° C. in Air for 3 weeks. 


Preliminary No. of leaves Days to No. of 
anaerobic treatment. on main axis. anthesis. replicates. 
Control (none). 3 ; 6:80-0:20 50°3+0°49 10 
I week a : ; — 47°310°34 14 
2 weeks ; : : 710+0'23 50°5+0'79 10 
3 weeks : Fs : all died 


Comparable series in Tables V and VI show clearly that ‘chilling’ after 
anaerobic treatment again reduces leaf number to the normal for spring rye, 
and that the delay in flowering has been completely removed. These experi- 
ments show conclusively that the anaerobic treatment does not impair the 
later growth of such seeds as survive, and that therefore the effect is confined 
to processes occurring during germination. The devernalisation of spring rye 
by lack of oxygen and subsequent revernalisation by chilling are clearly 
established. This experiment lends considerable weight to the view that the 
effect of low temperature is specific. 

2. After-effect of anaerobic treatment on winter rye and wheat. 'The surviving 
grain from the anaerobic treatments at 20° C. recovered their normal vigour 
and produced healthy plants which differed little from the controls. The 
values for spike development, tillering, and leaf number for winter rye and 
wheat are given in Tables VII and VIII. 


TABLE VII 


Winter Wheat (var. Lutescens 1060/10) 1936. Effect of Anaerobic Treat- 
ment during Germination on Development and Flowering. 
Air Anaerobic 


Anaerobic at 1° C. Niele yl Gin Meare)” (Cp 

Treatment. Control. 12 weeks. 9g weeks. 9 weeks. 3 weeks. 
Leaf number : : 23°2 2B wT 25°4 ia 24°4 
Tilled number ; : ey 8-6 10°! yas 170 
Spike length mm. . é 0%3 06 03 ripe ears 03 


‘Score’ ; : ; 19 21 18 119 15 
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Tasce VIII 


Winter Rye (Petkus) 1936. Effect of Anaerobic Treatment during 
Germination on Development and Flower Production 


Anaerobic. Air. 
9 weeks 1 week 9 weeks 
Treatment. Control. atime: atzou Cr 17C; 
Leaf number . ; ; 23°3 23°4 22°3 8-1 
Tilled number . : : 973 973 ai lee 
Spike lengthmm. . : 1°2 2°4 19 ripe ears 
‘Score’ . ; : : 21 25 21 133 


The most striking result seen in Tables VII and VIII is the complete 
inhibition of the effect of low temperature on flower production in the absence 
of oxygen. This confirms the statement of Lysenko (I.A.B. Bull. 16, p. 8) 
that oxygen is required for vernalisation. The ‘score’ entered in the tables 
represents the stage of development reached in conventional units as described 
previously (Gregory and Purvis, 1938, p. 242). The leaf number of the plants 
germinated anaerobically reaches the maximum found in unvernalised plants 
or those grown in continuous short days (Purvis and Gregory, 1937). The 
very small effect of prolonged anaerobic treatment at 1° C. on the develop- 
ment of the spike seen in both rye and wheat is the only indication of the 
after-effect of low temperature. 


Effect of very low oxygen tension on vernalisation. 


Since vernalisation by low temperature appeared to be inhibited completely 
by anaerobic conditions it was of interest to investigate the effect of very low 
oxygen tension. The experiment was performed in the following way. Imbibed 
grain was kept in a slow stream of nitrogen to which oxygen was added by 
allowing air to diffuse through capillaries of the requisite length and bore. The 
grain was placed in glass boiling tubes provided with a cork through which 
passed two tubes for passage of nitrogen and also a capillary tube connected 
with the air. To. obviate gas flow through the capillary, due to pressure 
differences caused by temperature changes, each tube was placed in a thermos 
flask. ‘The tubes were connected in parallel to a cylinder of compressed nitro- 
gen, through a flow meter, pyrogallol towers, and finally a high capillary 
resistance so that the nitrogen entered the tubes at atmospheric pressure. 
The partial pressure of oxygen was maintained at ;}, normal. The results for 
winter rye are given in Table IX. 

From the results in Table IX it is clear that a considerable degree of vernali- 
sation has occurred with the low oxygen tension of ;4; normal, both from leaf 
ey and spike-length data. The tension of oxygen required is thus very 
ow. 


Effect of varying concentration of carbon dioxide. 


That high concentrations of CO, may inhibit germination is well known, 
and also that germination occurs after removal of the gas. Kidd (1914), 
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working with barley, found that 12 per cent. of CO, scarcely affected germina- 
tion, but that at 35 per cent. CO, germination failed. On removing the gas 
even after exposure to 96 per cent. CO, some grain germinated. 

In these experiments mixtures of air and CO, of varying concentration 
were prepared and passed over the imbibed grain. Up to 20 per cent. CO, 


TABLE IX 


Winter Rye (Petkus). Effect of Partial Pressure of Oxygen (545 normal) 
during Germination on Germination and Development. 


6 weeks. 3 weeks. Unvernalised 
oO, O, 3 days 
500 Normal O, 500 at 20° C. 
Treatment. at 1 C. at 1° C. at2on Ce in air. 

Percentage germination . . 90°8 95:0 50°5 950 
Leaf number . : s 18-7 10°5 23°0 21°0 
Spike length mm... ; 74°8 ripe ears 2a 3°2 
‘Score’ (29/9/37) ‘ : 48 toy 23 26 


germination was as rapid as in air, but at higher levels germination fell off. 
In 30 per cent. CO, after three weeks at 20° C. 36 per cent. had germinated; 
at 50 per cent. CO,, 1-5 per cent.; at 100 per cent. CO, complete inhibition 
was found. The effect of the carbon dioxide on the resulting plants in the 
case of winter rye was small, a slight retardation in spike development alone 
was found in comparison with unvernalised grain germinated in air. In the 
case of spring rye treated for three weeks at 20° C. a strong retardation was 
noted in flowering and an increase in leaf number. This effect increased with 
rising concentration of CO, up to 20 per cent., above which level no further 
change was noted. These effects are seen from the data in Table X. 


TABLE X 


Spring Rye (Petkus). Effect of Varying Concentration of Carbon Dioxide 
during Germination on Flowering. 


Percentage CQ,. Arr. Be TOs 2 ON WGOlL NIRS O-mETOO 
Leaf number . F ‘ ; 6°8 8:1 8:0 8-0 83 — — 
Days to anthesis i 3 - 503 54:8 56:0 61:0 60:0 60:0 60:6 


The increase in leaf number and delay in flowering suggest that high con- 
centration of carbon dioxide leads also to devernalisation of spring rye. 


The specific nature of the low-temperature effect. 

Evidence of the specific nature of the low-temperature effect has been dis- 
cussed in previous papers. It appeared desirable to test whether this effect 
of low temperature was reversible by high temperature. That a reversal of 
vernalisation is possible has been shown very clearly by drying down vernal- 
ised grain for varying periods both by the present authors and by Lojkin 
(1936) (Gregory and Purvis, 1937, p. 246). 


760 Gregory and Purvis—Studies in Vernalisation of Cereals. III 


The control of germination by anaerobic conditions made possible a direct 
investigation of the effects of subsequent periods of high temperature after 
previous exposure to low temperature. It may be stated at the outset that 
high temperatures do not annul the effect of chilling after germination has 
reached an advanced stage, since were this the case no after-effects of low 
temperature could appear. 

The alternate exposures to low and high temperature must therefore be 


TEXT-FIG. 2. Apparatus used for exposing imbibed grains 
alternately to nitrogen and air. For details see text. 


given in the early stages of germination, and to make this possible some 
means of inhibition during the high-temperature periods is essential. The 
method used is briefly as follows. 

The grain (5 gm. Petkus winter rye) previously sterilized was placed in 
horizontal tubes as shown in Text-fig. 2, and moistened with 3 c.c. of sterile 
tap-water. Three such tubes were used for each treatment. Each batch of 
seed received in all six weeks of low-temperature (1° C.) treatment in air 
with periods at 20° C. for twenty-four hours in pure nitrogen interspersed 
at varying intervals of time. The treatments are shown below in Table XI. 


TaBLe XI. 
Treatments given in Experiments with Alternating High and Low 
Temperature 
Total Total 
time time 
at1°C. at 20°C. TimeinN, at 1°C. 
Treatment. in air. in nitrogen.Time inair at 20°C. 
1 day at 1° C. followed by 1 day at 20°C. 6weeks 6 weeks Tay 
2 days at i (G ‘ I # 6 weeks 3 weeks Toe 
Ss eae (Cr, =p I “y 6 weeks 2 weeks Tree 
On es hoe OF 5 I 6 weeks 1 week TING 


During the warm periods purified nitrogen was passed through the tubes 
connected in series by rubber tubes. In course of transfer from cold to warm 
conditions the tubes were kept in a bath of ice and nitrogen passed to sweep 
out air. The temperature of the bath was then raised rapidly to 20° C. and 

kept so for twenty-four hours. In the reverse transfer from warm to cold 
conditions the tubes were closed by clipping the rubber connexions and 
placed in the refrigerator for one hour, after which time the clips were 
removed and the nitrogen drawn out of the tubes, which were left in contact 
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with air. In this way the seeds were never exposed to high temperature in 
the presence of oxygen, so that at the end of periods of treatment the grains 
alternately kept at 1° C. and 20° C. had germinated no farther than controls 
kept continuously for six weeks in air at 1° C. The grain during these treat- 
ments was kept always in the dark. 

Three separate control series were used: (1) unvernalised seed germinated 
at 20° C. in air; (2) seed kept continuously at 1° C. for twelve weeks in the 
refrigerator and exposed for alternate twenty-four-hour periods to air and 
pure nitrogen; (3) seed vernalised in the usual way at 1°C. in air for six 
weeks. The treatments were so arranged that all ended at the same time and 
the seed was planted out on the same day. 

The effects of these treatments on germination showed that where the total 
period of anaerobic conditions at 20° C. was six weeks very considerable 
reduction resulted, but less than with an equal period of continuous anaerobic 
treatment (cf. Table III). These results, and the data for leaf number and 
flower production are given in Table XII. 


TaBLe XII 
Winter Rye (Petkus). The Effect of Alternate Exposures to Low Temperature 
in Air and High Temperature in Nitrogen on Germination, Leaf Number, and 


Flower Production 
total time at 20° C. in N, 


Controls. ee total time at 1° C. in air. 

I. 2 zs et Ter) tose 1:6 

Final leaf number . 23° 8-9 10°5 24°0 — — II‘0 
Days to first anthesis b (oe) 55 70 o) 106 87 69 
‘Score’ (16 Sept.) . : 21 129 127, 21 44 70 108 
Percentage germination . 76 55 — 8 43 46 50 


Controls (1) unvernalised, (2) 12 weeks at 1° C. alternate days in air and nitrogen, 
(3) vernalised 6 weeks in air at 1° C. 

In Text-fig. 3 is shown the relation for each series between time to first 
anthesis (i.e. until at least one plant of series has exserted anthers) and the 
total duration of exposure to high temperature. The relation is strictly linear. 
At the time of examination of the plants those in the series with daily alterna- 
tives (ratio 1 : 1) had not yet reached anthesis. By extrapolation from the 
curve the time should have been approximately 160 days. As recorded in a 
previous paper (Purvis and Gregory, 1937, p. 572) the time taken for un- 
vernalised plants to come into ear is about 170 days, which agrees well with 
the extrapolated value. Regarding now the data presented in Table XII the 
following points appear: 

1. Twelve weeks at 1° C., of which six were under anaerobic conditions 

and six in air, have an effect similar to six weeks of vernalisation. 

2. Six weeks total exposure to 1° C., but alternating daily with periods at 

20° C. in nitrogen, leads to plants indistinguishable from unvernalised. 

3. Intermediate treatments with relatively longer exposures in air at 1° C. 

give intermediate results, showing that the delay in flower production 
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is strictly proportional to the total time at high temperature. (Total 
duration at 1° C. is in all cases six weeks.) 

Comparison of the two control series 2 and 3 shows that the extra six weeks 
in series 2 in which the grain was kept at 1° C. in nitrogen has not resulted 
in an increase in time to anthesis. Anaerobic conditions therefore, as such, 
do not lead to a reversal of the vernalising process; indeed, in series 2 the 
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TEXT-FIG. 3. Relation between time to anthesis and the total period at 20° C. interspersed 


as 24-hour periods at regular intervals of 1, 2, 3, and 6 days in a total period at 1° C. of six 
weeks’ duration. 


time to anthesis is somewhat reduced below that of the vernalised series x 
Possibly the oxygen present in the grain at the time of transference to nitrogen 
is sufficient to allow the low-temperature process to continue for some time, 
so that the extra six weeks given in series 2 may be equivalent to a larger 
vernalising period. This need not be further discussed. 

The important fact which emerges is that no reversal appears at low 
temperature in nitrogen. Comparing control series 2 with the series receiving 
alternating daily exposures to air and nitrogen at 1° C. and 20° C. respectively 
establishes without doubt that it is the high temperature and not the anaerobic 
conditions that is mainly concerned with the reversal of vernalisation. The 
plants in this experiment are shown in Pl. XXX, Fig. 2. 

It does not appear necessary to discuss again the theoretical considerations 
raised by the experiments here reported, as the views held by the authors 
have already been put forward at some length in a previous communication 
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(Purvis and Gregory, 1937, p. 583 et seq.). The results here described were 
referred to in the paper cited (p. 587) and the evidence for the statements 
there made has now been presented. 

In conclusion the authors wish to record their indebtedness to Mr. R. V. 
Martin, technical assistant of this Institute, for his help in construction of the 


apparatus and assistance in carrying through a complicated schedule without 
a hitch. 


SUMMARY 


Two effects of low temperature during germination are considered, namely, 
mere delay in germination and the specific vernalising effect. These were 
experimentally separated by using anaerobic conditions and high concentra- 
tions of carbon dioxide as a means of prolonging germination at high tempera- 
ture. 

Plants of winter rye and wheat, and of spring rye were found to grow to 
maturity after a maximum exposure of three weeks in nitrogen at 20° C. and 
twelve weeks at 1° C. Anaerobic conditions resulted in ‘devernalisation’ of 
spring rye with increase in leaf number and delay in anthesis (Table V). A 
similar effect was noted with carbon-dioxide concentrations above 20 per cent. 
(Table X). Spring rye previously devernalised by anaerobic conditions could 
again be revernalised by low temperature giving them a normal leaf number 
and a normal time to anthesis (Table VI). 

Anaerobic conditions completely prevent vernalisation even after twelve 
weeks at 1° C. (Table VII). 

The tension of oxygen required for complete vernalisation is greater than 
go9 normal, though at this level considerable vernalisation occurs (Table IX). 

The specific effect of low temperature was proved by exposing imbibed 
grain alternately to air at 1° C. and nitrogen at 20° C. Equal daily exposures 
for twelve weeks gave plants indistinguishable from unvernalised, while 
controls with similar alternations of air and nitrogen kept at 1° C. were 
completely vernalised. 

Alternations of six days at 1° C. in air followed by one day at 20° C. in 
nitrogen (total time in air at 1° C. six weeks) gave completely vernalised plants. 
Using the same total period of low temperature, intermediate values were 
obtained with different relative durations at the two temperatures, and a 
linear relation is found between time to anthesis and total duration at 20° C. 
High temperatures bring about quantitative reversal of the low-temperature 
effect and the specific nature of the action of low temperature is proved. 
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EXPLANATION OF PLATE XXX 


Illustrating Prof. F. G. Gregory’s and Dr: O. N. Purvis’s paper on ‘Studies in the Vernalisa- 
tion of Cereals. III. The Use of Anaerobic Conditions in the Analysis of the Verna- 
lising Effect of Low Temperature during Germination. 


Fig. 1. Devernalisation of spring rye by anaerobic treatment at 20° C. during germination. 
The duration of treatment in weeks is given. The delay in flowering due to the anaerobic 
treatment is evident. The ears in the control series are past anthesis while those in series 
3 have just reached that stage. Photograph taken eight weeks from planting. 

Fig. 2. Reversal of vernalisation by periods of high temperature. The numerals show the 
ratio of the time of exposure at 1° C. to the time at 20° C., the total duration of chilling being 
six weeks in each case. The control series were kept for twelve weeks at 1° C., with daily 
alternations in air and in nitrogen. Series 1/1 completely unvernalised, 6/1 completely 
vernalised. (Cf. Text-fig. 3.) Photograph taken ten weeks from planting. 
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With thirteen Figures in the Text 
INTRODUCTION 


q Pa first paper of this series (Blackman, 1938) contained an account 
of field experiments in which the effects of varying both light intensity 
and nitrogen supply on the clover (Trifolium repens) content of a sward were 
investigated. The results demonstrated that there was a marked interrelation- 
ship between the light and nitrogen effects. In daylight, the addition of 
calcium nitrate, and more particularly ammonium sulphate, diminished con- 
siderably the amount of clover. Similarly, decreasing the light intensity to 0:6 
or 0-4 of daylight also brought about a large reduction of the clover, but 
additional nitrogen at these lower light levels did not reduce the content 
further. These findings showed that at the highest light intensity the greater 
reduction of the clover caused by ammonium sulphate as against calcium 
nitrate could not be ascribed to a toxic accumulation of ammonium ions 
within the plant. There was alternative evidence that the depression of the 
clover was associated with the active growth of the grasses. It seemed probable 
that the failure of additional nitrogen to diminish the clover under reduced 
light intensity was due to differences in the reaction of grasses and clover to 
nitrogen at the lower light levels. 

In the present series of experiments the effects of light intensity and 
nitrogen supply on the growth of Agrostis tenuis, Festuca rubra, and T. repens 
have been studied. Since in the previous investigation the sward was cut at 
short intervals, in the present series of experiments the plants were frequently 
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defoliated. For the same reason, the levels of light intensity employed and 
quantities of nitrogen added were similar to those of the field experiments 
already described (Blackman, 1938). 


EXPERIMENTAL RESULTS 
Experimental technique. 


All the present experiments were carried out either on plants grown in pots 
or on swards previously established on specially levelled areas. In the 1933 
experiments the pots were filled with a mixture of sand, bentonite, calctum 
carbonate, and superphosphate in the proportions 947 : 2°5 : 2°5 : 0-3, while 
the other essential elements (N, K, Mg, S, Fe) were added in solution as 
inorganic salts. Subsequent to 1933, the potting mixture consisted of loam, 
sand, calcium carbonate, and superphosphate in the proportions of 73-7 : 
25:0 : 1:0 : 0-3, and no additional nutrients except nitrogen were supplied in 
solution. 

Clay pots (14 in. diam. x 8-5 in. deep) coated with parafhin wax were em- 
ployed in 1933, while in the years 1934-6 glazed earthenware pots (10 in. 
diam. x 10 in. deep) were used. The large pots of the earlier experiment were 
so heavy as to make frequent moving impossible so they were watered when 
it was thought the occasion demanded. In 1934-6 the water content of the 
pots was maintained at 40-50 per cent. of the water-holding capacity. At the 
beginning of each experiment and at subsequent defoliations the herbage in 
the pots was cut back to within half an inch of the soil level by means of 
sheep shears, while in the field experiments a lawn mower was used to 
harvest the plots. Within an hour of cutting, the herbage was placed in an 
oven specially designed to ensure rapid drying. 

The same practice as in the parallel investigation already described (Black- 
man, 1938) was employed to reduce the light intensity. The pots or plots 
were permanently shaded with butter muslin stretched one or more layers thick 
on light wooden frames. In the field the screens were fixed in position some 
3 in. above ground-level, but in the pot experiments the distance between the 
screen and the top of the pot was 6 to 8 in. In 1933 the amount of light 
absorbed by the butter muslin was estimated by means of a ‘Holophane’ 
lumeter, samples of the material being tested from time to time in the 
laboratory. Subsequent estimations were carried out in situ by means of a 
‘Weston’ phototronic cell coupled to a suitable milliammeter. During the 
period of each experiment, light intensity observations were carried out at 
frequent intervals. In the pot experiments each pot was in the nature of a 
‘sub-plot’; replicates both for species and manurial treatments were grouped 
together and constituted a plot. For example, in the 1935 pot experiment 
there were three species and three manurial treatments. Sets of nine pots, 
therefore, made up a plot, and these sets received the appropriate light treat- 
ment. In the 1934-6 experiments the arrangement of the pots in each ‘plot’ 
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was re-randomized several times during the experimental period. In the field 


experiments the replication was fourfold, and in the pot experiments seven- or 
eightfold. 


The interaction of light intensity and nitrogen supply in leaf production. 
1933 experiments. 


In this year three separate experiments were carried out, Seed of F. rubra 
and 7’. repens was sown either alone at the rates of 4°37 and 1-0 gm. per pot 
respectively, or as a mixture of 2-0 and 1-0 gm. Germination during April 
was satisfactory, although there was marked tendency for the sand-bentonite 
mixture to form a hard surface cake. The seedlings were allowed to grow 
freely until August 1, when all the pots were cut and the various experiments 
started. During the preliminary period each pot received 2°4 gm. potassium 
sulphate and 0-75 gm. magnesium sulphate. The pots which contained 
F. rubra, either alone or mixed with clover, were also given 3:0 gm. calcium 
nitrate, while the clover pots received 1-9 gm. These salts were applied as 
separate solutions, and in the case of calcium nitrate some ferric chloride was 
included. Three weeks after the experiments began, 0:25 gm. ferric chloride 
and 0-5 gm. potassium sulphate were added to each pot. 

The two experiments carried out on F. rubra or a mixture of F. rubra and 
T. repens were of a similar nature. There were four treatments in all, two 
levels of light intensity and two manurial treatments. The lower light intensity 
was obtained by. shading the pots with a single layer of butter muslin, which 
it was estimated reduced the light intensity to 0-6 of daylight. The pots 
received weekly either 4-8 gm. of calcium nitrate or the equivalent amount 
of nitrogen as ammonium sulphate. In the clover experiment the light 
intensities were the same, but calcium nitrate was omitted; thus half the pots 
received no additional nitrogen. In each experiment the herbage, which con- 
sisted almost entirely of leaves, was cut and collected on August 13, September 
5, and October 1. The results obtained are shown in Figs. 1, 2, and 3, and 
Table I. 

Considering first Figs. 1 and 2, it is seen that the trend of changes is very 
similar in both experiments. For the two earlier defoliations there is little 
difference between the several treatments. In the last cut, however, while in 
normal daylight both calcium nitrate and ammonium sulphate have similar 
effects, under the reduced light intensity with calcium nitrate added leaf 
production is much greater. Statistical analysis of the total yield for the three 
cuts (see Table I) shows that the interaction between the form of nitrogen 
and light intensity is significant in the case of F. rubra, and just not significant 
when F. rubra and T. repens are grown together. Furthermore, a reduction 
of the light intensity has depressed growth in both experiments. 

In the clover experiment (see Fig. 3) the effects of reduced light intensity 
were somewhat different from those of the other two. In the first cut a reduc- 
tion of the light intensity largely increased growth, and in the third cut 
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decreased it, but to a smaller extent. As a result the average effect over the 
experimental period was to increase significantly leaf production. At both 
light intensities the addition of ammonium sulphate had no significant 
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Fics. 1-3. The effects of light intensity and nitrogen supply on the leaf production, 
when frequently defoliated, of Festuca rubra (Fig. 1), Trifolium repens (Fig. 3) and F. rubra 
and T. repens combined (Fig. 2). (Aug. 1—Oct. 23-4, 1933.) 


influence on the total production of leaves. Nevertheless, at the lower light 
intensity the addition of ammonium sulphate tended at first to accelerate leaf 
production and subsequently to retard it; this trend is statistically significant. 
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TABLE | 


The Interaction of Light Intensity and Nitrogen Supply in the 
Leaf Production of F. rubra and T. repens 
Total leaf production 


(Aug. 1-Oct. 23, 1933) 
(gm. dry matter per pot). 


F’, rubra 
and 
Treatments. F. rubra. T. repens. T. repens. 

reo [Ep S0 : : : j j x me 27°5 
Dayligh 4294 - : . . : 43°01 43°21 30°54 

aye (Ca(NOs), ih) + ae ena-73 45°48 — 
Mean... : : : 44°18 44°35 29°02 

Control . : : ; : : = pele 6 
o6 33°07 
ight) (NH«)2SO, . - 32°58 35°57 35°55 

epee NOS la dost: Incasa olancc rosie ke ne 
Mean . ; q ; 36-91 B9s73 34°61 

Significant differences: 

(P = 0-05) (i) between treatments . f : 7°55 4°56 6-08 
(ii) between means of two treatments 5°34 3°23 3°59 


1934 experiments. 


These experiments were essentially of the same design as those of the 
previous year, save that the pots were smaller and the sand-plus-bentonite 
medium was replaced by the soil-sand mixture. During April seed of F. rubra 
and 7. repens was sown singly or together at the rates 2:2 and o-5 gm. per 
pot. The experiments were not started until July 30, when the herbage was 
first cut. Prior to this, the pots remained uncut, unshaded, and unmanured. 
For the experimental period there were three manurial treatments: (i) no 
nitrogen, (ii) calcium nitrate applied weekly at the rate of 2-16 gm. per pot, 
(iii) ammonium sulphate at a rate equivalent in nitrogen to the calcium 
nitrate. In addition, there were two light intensities, daylight and 0-62 of 
daylight (single layer of butter muslin). The pots were harvested three times, 
i.e. on August 13, September 5, and October 1. 

It is not proposed to consider the results of these experiments in any detail, 
since unfortunately the data are not trustworthy. Subsequent to the first cut 
it was observed (i) that F. rubra was being attacked by a fungus of the 
Macrosporium alternaria type, and (ii) that the pots most affected were those 
which were both shaded and received additional nitrogen. Spraying with a 
Bordeaux malachite green mixture (Bennett, 1933) was not very effective, 
and the experiments were eventually abandoned. Simultaneously it was also 
found that although the soil, as a precaution, had been taken from a field in 
which no leguminous crop had been grown for many years, stem-eelworms 
(Tylenchus dipsaceae) were present in the tissue of the normally resistant 
T. repens. 
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TAaBLe II 


The Interaction of Light Intensity and Nitrogen Supply in the 
Leaf Production of F. rubra and T. repens 
Total production of leaves 


(July 30—-October, 1934) 
(gm. dry matter per pot). 


F. rubra 
and 
Treatments. F. rubra. T.repens. T. repens. 
3 (cso. : ‘ : : : ; 5°43 ie 18-67 
; (NH,4)2SO,4_ : : ; : 31°84 B28 22°97 
Dayisht\CaNOa . te. > + 9 20°72. ipa es 
* Control . , . : : i 6°49 13°06 13°19 
Da £21 NHDSO Mth = 8) Say ts eee ogy OTs 
ayn sn" \ Ca(NOs)e 3 : : E : 17°60 16°52 10°01 


In spite, however, of the insect and fungal attack, the data are worthy of 
some consideration in view of the results obtained in later experiments. The 
total leaf production for the three cuts is set out in Table II. In the case of 
F. rubra, additional nitrogen at both light levels largely increased growth. 
Lowering the light intensity did not depress the leaf production in the 
control, but where nitrogen was added regeneration was depressed, more 
particularly in the case of calcium nitrate. The mixture of F. rubra and 
T. repens gave very similar results, except that diminishing the light intensity 
produced similar effects with both forms of nitrogen. Clover grown alone, 
on the other hand, reacted very differently to the various treatments. In the 
first place, neither ammonium sulphate nor calcium nitrate increased leaf 
production; in the second place, the clover was more sensitive than the grass 
to a reduction in the light level. 


1935 experiments. 


Pot experiments. During 1935 both pot and field experiments were under- 
taken. In the pot experiments seed of A. tenuis, F. rubra, and T. repens at 
the rates of 1-7, 2:2, and 0-5 gm. per pot was sown during April. The experi- 
ments, compared to those of 1933-4, were started after a shorter preliminary 
period, namely, on June 18. Each of the three ‘balanced’ experiments con- 
tained nine treatments. There were three light intensities: (i) daylight, (ii) 
o-61 daylight (single layer of butter muslin), (iii) 0-44 daylight (double layer 
of muslin). The manurial treatments were (i) control, (ii) ammonium sulphate 
at the rate of 1-0 gm. per pot every ten days, (iii) calcium nitrate at a rate of 
nitrogen equivalent to (ii). The pots in each experiment were cut back six 
times; the first four cuts were made at ten-day intervals, the last two after 
fourteen-day periods. 

The results for the F. rubra experiment are shown in Fig. 4 and Tables 
III and IV. It is seen from Fig. 4 that the differences between the effects 
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Fic. 4. The effects of light intensity and nitrogen supply on the leaf production of Festuca 

rubra when frequently defoliated. (June 18-Aug. 26, 1935.) 
TaBLe III 


The Interaction of Light Intensity and Nitrogen Supply in the 
Leaf Production of F. rubra 
Total production of leaves 


(June 18-August 26, 1935) 
(gm. dry matter per pot). 


Light treatments. Nitrogen treatments. 

Daylight. Control. (NHj,),SO,. Ca(NOs)s. Mean. 
1'0 : : ‘ 17°19 31°51 28°16 25°62 
CHE a c 17°37 20°94 18°27 18-86 
0°44 5 13°92 13°28 12°14 bic te ws 

“Mean. 16:16 21-91 19°52 

Significant difference (i) between treatments =a 36 
(P = 0:05) (ii) between means of three treatments = 1°36 


_of the various treatments on leaf regeneration become progressively greater 
with successive cuts. The total leaf production for the six cuts is markedly 
affected by both the light intensity and nitrogen supply (see Table III). A 
reduction in the light level to 0-61 depresses growth with either calcium 
nitrate or ammonium sulphate added, but does not do so in the control, A 
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further diminution in the light intensity to 0-44 diminishes leaf production 
with all manurial treatments. 

In full daylight, ammonium sulphate increases growth more than calcium 
nitrate. At the o-61 level the ammonium sulphate effect is again significantly 
different from that of calcium nitrate. While at this light intensity calctum 
nitrate does not increase growth, there is evidence that with 0-44 daylight it 
actually depressed leaf production in the later cuts. In Table IV the statistical 
analysis of the data for the fifth and sixth cuts summed together shows that 
at this stage the depression is significant. In addition, it is seen that during 
this period the lower the light intensity the greater is the difference between 
the effects of ammonium sulphate and calcium nitrate. 


TABLE IV 


The Interaction of Light Intensity and Nitrogen Supply in the 
Leaf Production of F. rubra 


Production of leaves (cuts 5 and 6) 
(gm. dry matter per pot). 


Light treatments. Nitrogen treatments. 

Daylight. Control. (NH,),SO,. Ca(NOs5)2. Mean. 
bie) ; : ‘ 3°91 11°84 9°88 8°54 
o6r : 4°70 6°42. 4:98 5°37 
O44 : . 3°04 2°59 1°59 _ 241 

_ Mean 3°88 6°95 5°48 
Significant difference (i) between treatments : =O) 
(22—3C:05) mae (ii) between means of three treatments = 0°56 


The effects of varying light intensity and nitrogen supply on the growth 
of A. tenuts are very similar to those for F. rubra. While the initial differences 
between the several treatments are small, they are very marked in the later 
cuts (see Fig. 5). The statistical analysis of leaf production data for the whole 
experimental period (see Table V) shows that a decrease in the light intensity 
first to 0-61 and then to'0-44 in every case depresses growth. In daylight, 
calcium nitrate, and more particularly ammonium sulphate, largely increases 
leaf production. At the level of 0-61, calcium nitrate in contrast to ammonium 
sulphate causes a reduction in yield, while at the lowest light intensity both 
forms of nitrogen depress leaf production. 

The behaviour of T. repens differs in many respects from that of either 
F. rubra or A. tenuis. There is a similar trend in regard to the light treat- 
ments, but not in regard to nitrogenous manuring (see Fig. 6 and Table VI). 
Whatever the nitrogen treatment, a reduction in the light level first to 0-61 
and then to 0-44 suppresses growth. At all three light intensities, ammonium 
sulphate, but not calcium nitrate, increases leaf production by a small amount. 
At the lowest and highest intensity the difference between ammonium 
sulphate and calcium nitrate is significant. In contrast with the results 
obtained for the two grasses, a reduction of the light intensity has not caused 
marked differences in the effects of ammonium sulphate and calcium nitrate. 
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Field experiments. The two field experiments were laid out on two adjacent 
swards which had been specially prepared. In the previous autumn the areas 
had been levelled and seed of either A. tenuis or T. repens sown. During the 


Defoliations 
) z 
oOo S 


atter per pot 


uccessive 


= 
o 


(gm. dry m 


O= 10 Daylight ‘¢- eee e240) ~9 
Q@=0-61 » : “Sg 
@=0:44 » 


20 30 40 50 60 70 


1-0 


Leaf Production at S 


10 


Fic. 5. The effects of light intensity and nitrogen supply on the leaf production of Agrostis 
tenuis when frequently defoliated. (June 18-Aug. 26, 1935.) 


TABLE V 


The Interaction of Light Intensity and Nitrogen Supply in the 
Leaf Production of A. tenuis 


Total production of leaves 
(July 18—August 26, 1935) 
(gm. dry matter per pot). 


Light treatments. Nitrogen treatments. 
Daylight. Control. (NH,),SO,. Ca(NO,)2. Mean. 

5 axe) : : c 18-44 29°90 25°23 24°52 

O:05e5. 3 5 16°58 19°45 14°42 16°82 

0°44 . 13°49 bic3t 9°35 11°38 

Mean 16°17 20°22 16°33 
Significant difference (i) between treatments Snes 
(P="0'05) (ii) between means of three treatments = 0:87 


preliminary period of establishment the turf was frequently weeded by hand 
and kept short by occasional cutting. The two experiments were very similar 
in design to the pot experiments. There were three levels of daylight (full, 
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o-61 and 0-44 of daylight), and three manurial treatments. The ammonium 
sulphate and calcium nitrate were added weekly at a rate some 50 per cent. 
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Fic. 6. The effects of light intensity and nitrogen supply on the leaf production of Trifolium 
repens when frequently defoliated. (June 18-Sept. 2, 1935.) 


TasBLe VI 


The Interaction of Light Intensity and Nitrogen Supply in the 
Leaf Production of T. repens 
Total production of leaves 


(June 18—September 2, 1935) 
(gm. dry matter per pot). 


Light treatments. Nitrogen treatments. 

Daylight. Control. (NH,),SO,4. Ca(NO3)2. Mean. 
bie) ‘ : 24°32 Phy feu. 25°16 25°57 
0-61 3 . 15°80 17°35 16°42 15°52 
0°44 : T2255 13°96 12°27 12°91 

Mean 17°54 19°52 17°95 
Significant difference (i) between treatments = 1°29 
(P = 0:05) (ii) between means of three treatments = 0°75 


greater than in the pots, i.e. 4°6 gm. nitrogen per square yard. It was planned 
to cut the plots every seven days, but after the middle of September the high 
rainfall and the consequent sodden surface made the intervals irregular. 
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Fic. 7. The effects of light intensity and nitrogen supply on the leaf production of Agrostis 
tenuis when frequently defoliated. (Aug. 14—Nov. 1, 1935.) 


TABLE VII 


The Interaction of Light Intensity and Nitrogen Supply in the 
Leaf Production of A. tenuis 
Total production of leaves 


(August 14~November 1, 1935) 
(gm. dry matter per sq. yard). 


Light treatments. Nitrogen treatments. 
Daylight. Control. (NH,).SO,. Ca(NOs)s. Mean. 
1'o : ‘ ; 130°50 283:'95 277°94 230°80 
o6r . . . 137'59 172°91 179°54 163°34 
O44. : 5 120°53 147°63 162°40 143°51 
Mean 129°54 201°50 206°63 
Significant difference (i) between treatments = 24°50 
(P = 0°05) (ii) between means of three treatments = 14°15 


The results obtained for A. tenuis are set out in Fig. 7 and Table VII. 
During the course of the experiment there was a gradual fall in temperature 
from August to November, and it seems clear from Fig. 7 that after the fifth 
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cut, temperature rather than light intensity or nitrogen supply was the 
principal factor controlling growth. Where no nitrogen was added the 
production of leaves was not significantly affected by diminutions in the 
light intensity. At all three light levels both ammonium sulphate and calcium 
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Fic. 8. The effects of light intensity and nitrogen supply on the leaf production of Trifolium 
repens when frequently defoliated. (Aug. 14—Oct. 18, 1935.) 
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nitrate increased growth, but the magnitude of the increase was by far the 
greatest in full daylight. Unlike the results obtained in the pot experiment 
there was no correlation between light intensity and differences in the effects 
of both ammonium sulphate and calcium nitrate. 

In the clover experiment, the seasonal fall in temperature is again reflected 
in the downward trend of leaf production with successive cuts (see Fig. 8) 
Over the whole period of the experiment, the addition of either ammonium 
sulphate or calcium nitrate increased growth significantly at all but the lowest 
light intensity (see Table VIII). Where nitrogen was added, a reduction in 
the light level, first to 0-61 daylight and then to 0-44, in general diminished 
leaf production. In the absence of additional nitrogen, however, the reduction 
from 0-61 to 0-44 daylight caused no significant diminution. 
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TABLE VIII 


The Interaction of Light Intensity and Nitrogen Supply in the 
Leaf Production of T. repens 
Total production of leaves 


(August 14—October 18, 1935) 
(gm. dry matter per sq. yard). 


Light treatments, Nitrogen treatments. 

Daylight. Control. (NH,),SO,. Ca(NO;)>. Mean. 
ey: : ‘ 118°64 141-74 135°34 131°90 
o6r. : : 94°68 10598 98-93 96°53 
O44 =. : : 87°32 90°47 88-04 88-61 

Mean 96°88 112°73 107°43 
Significant difference (i) between treatments = 8-80 
(P = 0°05) (11) between means of three treatments = 5-08 


1936 experiments. 


The experimental procedure in this year was somewhat different from the 
previous pot experiments. Instead of seed being sown in the pots, circular 
turves (10 in. in diameter and 5 in. thick) were fitted into the pots (10 in. 
diameter), the remainder of the pot being filled with the standard potting 
mixture (see p. 766). These turves of either A. tenuis or T. repens were ob- 
tained from the twoswards on which the field experiments of 1935 were carried 
out. The experiments were begun some six weeks after the transference to 
the pots, i.e. on May 8. As in the pot experiments of 1935, there were three 
levels of light intensity (i) daylight, (ii) 0-63 daylight, and (iii) 0-37 daylight 
(i.e. triple layer of butter muslin). The three manurial treatments consisted 
of (i) control, (ii) ammonium sulphate at the rate of 1-0 gm. per pot every 
ten days, (iii) calcium nitrate at an equivalent nitrogen rate. The pots were 
cut six times at ten-day intervals. é 

The results for A. tenuis are set out in Fig. 9 on a somewhat different basis 
from previous figures. For the purpose of clarity the production of leaf tissue 
for each treatment is expressed relatively to the control (1-0 daylight with no 
nitrogen), which at each cut has been taken as equal to 100. It is seen that 
the results show trends very similar to those of the pot experiment of 1935. 
The figures for leaf production over the whole experimental period (see Table 
TX) show that ammonium sulphate and calcium nitrate have increased growth 
equally in full daylight. On the other hand, at the two lower light levels 
the effect of ammonium sulphate is significantly greater than that of calctum 
nitrate. A reduction in the light intensity from daylight to 0-63 daylight has 
not affected leaf regeneration in the absence of additional nitrogen, but has 
led to a decrease where ammonium sulphate, or more particularly calcium 
nitrate, was applied. A further decrease in intensity from 0-63 to 0-37 caused 
similar effects. 

It would appear from Table IX that at the lowest light intensity the addition 
of neither calcium nitrate nor ammonium sulphate caused a significant change 
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Fic. 9. The effects of light intensity and nitrogen supply on the leaf production of Agrostis 
tenuis when frequently defoliated. At each defoliation the leaf production for the individual 
treatments has been expressed relatively to the amount produced on the control receiving 
full daylight. (May 8—July 9, 1936.) 


TaBLe IX 


The Interaction of Light Intensity and Nitrogen Supply in the 
Leaf Production of A. tenuis 
Total leaf production 


(May 8-July 9, 1936) 
(gm. dry matter per pot). 


Light treatments. Nitrogen treatments. 

Daylight. Control. (NH,),SO,. Ca(NO,),. Mean. 
Ome : . 11°61 24°04 23°42 19:69 
0'°63—C«“ : é 12°27 18°63 15°72 15°54 
0:37 ee : ; Il‘ol 11-78 9°83 10°87 

Mean 11°63 18-15 16°32 
Significant difference (i) between treatments 7-55 
(P = 0°05) (ii) between means of three treatments = 0°89 


in leaf production. Inspection of Fig. 9 shows that while over the initial period 
extra nitrogen increased growth it decreased growth at the later stages. Thus 
in Table IX, where the total leaf production for the six cuts has been analysed, 
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the positive and negative effects tend to cancel out. This difficulty can be 
overcome by fitting straight line regressions. For the purpose of the statistical 
analysis, instead of fitting linear regressions direct to the leaf production data, 
the logarithmic function has been used. Such a transposition not only simpli- 
fies the calculation but also allows the various treatments to be compared 
independently. The regression coefficients of the logarithms with time are 
given in Table X. The analysis shows that in the absence of additional 
nitrogen there is no significant difference between the three light treatments. 
On the other hand, at the lowest light intensity the effects of ammonium 
sulphate and calcium nitrate are significant, the fall in leaf production with 
time being significantly greater in the case of calcium nitrate. 


TABLE X 


The Interaction of Light Intensity and Nitrogen Supply in the 
Leaf Production of A. tenuis 


Regression coefficients of the 


Treatments. logarithms of leaf production 
Light intensity. Nitrogen supply. against time. 
1-0 Daylight Control —0'0136 
0°63 ” ” —o°'0219 
0°37 ” ” — 0°0237 
O37 55 (NH,)250, —oO'04I2 
O83 Jie o35 Ca(NOs)2 — 00653 
Significant difference between treatments 00120 
(P = 0°05) 


As in the case of A. tenuis, the results for T. repens show a marked similarity 
to the effects observed in the pot experiment of the previous year. Reductions 
in the light intensity have led to large changes in leaf production, but addi- 
tional nitrogen has had little effect (see Fig. 10). In fact, at each light level 
there are no significant differences in growth between the control pots and 
those receiving either ammonium sulphate or calcium nitrate (see Table XI). 


TABLE XI 


The Interaction of Light Intensity and Nitrogen Supply in the 
Leaf Production of T. repens 
Total leaf production 


(May 8-July 9, 1936) 
(gm. dry matter per pot). 


Light treatments. Nitrogen treatments. 

Daylight. Control. (NH,),SO,. Ca(NOs3),. Mean. 
1‘o ‘ 4 : 17°27 18°52 18-12 17°97 
0°63~«C«; ; : 10°98 12°51 11°83 TI-77 
oe ie . 7°53 7°59 6:64 7°25 

Mean 11°93 12°87 12°20 

Significant difference (i) between treatments = 1°81 
(P = 0°05) (11) between means of three treatments = 1°04 


966.7 3E 
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The relationship between the number of defoliations and the effects of light intensity 
on leaf production. 
In several experiments it has been demonstrated that the effects of both 
light intensity and nitrogen supply become more pronounced as the number 
of defoliations increases. In order to facilitate comparison between the various 
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Fic. 10. The effects of light intensity and nitrogen supply on the leaf production of Trifolium 
repens when frequently defoliated. (May 8-July 9, 1936.) 


defoliations and the several experiments in regard to the progressive light 
effect at each cut the amount of tissue regenerated in daylight has been taken 
as 100 for the individual manurial treatments and the comparable leaf pro- 
ductions at the lower light intensities expressed relative to this figure. 

The clover results for the two 1935 experiments and the 1936 experiment 
shown in Fig. XI are in close agreement. For the period prior to the initial 
defoliation the effects of reduced light intensity were very different from those 
in subsequent periods. In the 1935 pot experiment a reduction to 0-61 of day- 
light first caused on the average a small but significant diminution in leaf 
regeneration, while a further reduction to 0-44 raised the leaf production tothe 
same level as in daylight (see Table XII). In tKe 1935 field experiment, 
however, lowering the light intensity to 0-61 significantly increased the pro- 
duction of leaves for the first period, but a further reduction to 0°43 of daylight 
had no additional effect. On the other hand, in the 1936 experiment leaf 
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Fic. 11. The effects of light intensity on the leaf production of Trifolium repens at successive 
defoliations. At each defoliation and for each of the nitrogen treatments the leaf production 
in full daylight has been taken as 100. 
production was not initially significantly affected by a decrease in light 
intensity (see Table XII). Subsequent to the first defoliation, in each of the 
experiments a fall in the light intensity was reflected in a marked diminution 
in leaf regeneration. Moreover, in two of the experiments (1935 and 1936 pot 
experiments) leaf production was almost directly proportional to the light 


intensity (see Fig. XI). 
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TABLE XII 


The Interaction of Light Intensity and Nitrogen Supply in the 
Leaf Production of T. repens 


Production of leaves for initial period (gm. dry matter). 
Significant 
difference 
between 
means 
Light treatments. Manurial treatments. between of three 
Daylight. Control. (NH,),SO,. Ca(NO3;),. Mean. treatments. treatments. 


1935 Pot Experiment. 


Io. : : 5°31 5°36 5°05 5°24 
061 . . 4°83 4°79 4°73 4°78 
O44 : : 4°97 5°26 5°29 S17 
Mean 5°04 5°13 5°02 0°40 0°23 


1935 Field Experiment. 


1'0. ; : 25°8 28-0 25°6 26°5 
0-61 - F 28°4 30°2 Baez 30°8 
0°44 , . 31°3 31°2 33°3 31°9 
Mean 28°5 29°8 30°9 6:5 38 


1936 Pot Experiment. 


1'0. : ? 2°10 215 2°19 2°15 
0°63 : ; 210 2°43 2°46 2°36 
0°37 j 2°38 2°28 2°25 2°30 
Mean B22, 2°29 2°30 0°42 0°24 


The results of the Agrostis experiments show a marked similarity to those 
obtained for T. repens. In the 1935 pot experiment (see Fig. XII and Table 
XIII) a reduction in light intensity initially increased leaf regeneration, but 
in the subsequent cuts a decrease in intensity ran parallel with a falling off 
in leaf production. In the field experiment a diminution in light first signifi- 
cantly increased regeneration (see Table XIII). At the time of the second cut, 
however, a decrease in the light diminished leaf production not on the control 
but only where either ammonium sulphate or calcium nitrate had been added. 
This difference between the manured and unmanured plots indicates that 
subsequent to the first cut nitrogen rather than light intensity was the principal 
factor governing leaf production in the unmanured plots. There was a similar 
difference between the control and nitrogen treatments in the 1936 experi- 
ment. In the first period shading did not significantly affect the production 
of leaves except in the control at the level of 0-63 daylight (see Table XIII). 
In the period prior to the second cut in the controls changes in the light 
intensity were not reflected by differences in leaf production, but the nitrogen- 
treated pots showed a marked fall in production, especially when the intensity 
was reduced to 0°37 (see Table XIII). 
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Fic. 12. The effects of light intensity on the leaf production of Agrostis tenuis at successive 
defoliations. At each defoliation and for each of the nitrogen treatments the leaf production 
in full daylight has been taken as roo. 


The results obtained for F. rubra in the 1935 pot experiment are shown 
in Fig. XIII. It is seen that the behaviour of F. rubra was very similar to 
that of A. tenuis. Lowering the light intensity to 0-61 of daylight first 
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TaBLe XIII 


The Interaction of Light Intensity and Nitrogen Supply in the 
Leaf Production of A. tenuis 


Production of leaves (gm. dry matter). 
Significant 
difference 
between 
means 
between of three 


Light treatments. Manurial treatments. 


Daylight. Control. (NH,),SO,. Ca(NO3),. Mean. treatments. treatments. 
1935 Pot Experiment. 
First defoliation. 
10. 2°13 2°21 211 2:15 
0-61 2°40 2°48 2°48 2°45 
0°44 : ‘ 2°46 2°63 2°47 2°52 
Mean 2633 2°44 2°35 0°32 o'19 
1935 Field Experiment. 
First defoliation. 
10. 22°1 35°4 32°6 30°0 
0°61 29°2 36°2 39°9 35°1 
0°44 5 : 257) 36:8 38-6 Bac 
Mean 25°7 36-2 37°1 74 43 
1935 Field Experiment. 
Second defoliation. 
a) 148 33°5 32°3 26°9 
0°61 18-2 27°8 28:0 24°7 
0°44 : 5 18-3 24°2 25°1 22°6 
Mean 17°I 28°5 28-4 4°1 2°4 
1936 Pot Experiment. 
First defoliation. 
Io. 3°46 4°59 4°55 4°20 
0°63 3°92 4°45 4°21 4°19 
0°37 . . 3°61 4°15 4°19 3°98 
Mean 3°66 4°39 4°32 0°45 0°26 
1936 Pot Experiment. 
Second defoliation. 
I°0. 1°32 2°19 2°70 2°07 
0°63 1°41 2°14 1°87 1°81 
0°37 : Ig32 1°63 1°35 1°43 
Mean 1°35 1-98 1°97 0°33 o-19 


increased leaf production significantly (see Table XIV), but a further reduc- 
tion had no effect. In direct contrast, a diminution in light intensity in the 
later cuts decreased leaf regeneration proportionately. 


Effects of shading on soil temperature. 


Since it was realized that reductions in the light intensity would probably 
be associated with temperature differences, the screens were placed some 
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Fic. 13. The effects of light intensity on the leaf production of Festuca rubra at successive 
defoliations. At each cut and for each of the manurial treatments the leaf production in full 
daylight has been taken as 100. 


TABLE XIV 


The Interaction of Light Intensity and Nitrogen Supply in the 
Leaf Production of F. rubra 


Production of leaves for initial period 
(gm. dry matter). 


Light treatments. Manurial treatments. 

Daylight. Control. (NH,).SO,. Ca(NO3)o. Mean. 
I'o ¢ : : 278 2°82 2°62 aha 
o-61 . d : 2°96 3°24 3°03 3°08 
O44. . ; 3:21 3°10 3°19 3°17 

Mean 2°97 3°05 2°95 

Significant difference (i) between treatments ==hOs3 77 
(P = 0:05) (ii) between means of three treatments = 0-21 


considerable distance above the surface of the pots in order to promote a free 
circulation of air. In several experiments thermometers with their bulbs 
suitably screened were suspended just above the surface of the pots and the 
temperatures recorded daily. The results showed that the air temperatures 
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under the screens were very similar to those in the open. On the other hand, 
thermometers placed in the soil at a depth of one or four inches demonstrated 
that screening the pot surface from direct insolation caused small temperature 
differences. The data for the 1934-6 groups of pot experiments are set out 
in Table XV. The results are very similar to those recorded in the field 
experiments (Blackman, 1938). At 9 a.m. the soil in the shaded pots is some- 
what warmer owing presumably to the screens reducing the radiation of heat 
during the night. By 5 p.m., however, the position is reversed, since the 
exposed pots have attained a higher temperature than those which were 
screened. 


TABLE XV 
Effects of Shading on Sotl Temperature 


Light intensity. Differences in temperature between 


Year. Daylight = 1-0. shaded and unshaded pots. 
2G. 

9 a.m. 5 p.m. 
1934 0°62 simOsa i —1'07 
1935 0°61 +0:08 —f'13 
1936 0°63 +0°49 —1'03 
1935 0°44 +0°30 —1-41 
1936 0°37 +0°27 sa 47 


During the experimental periods the average g a.m. temperature was 
16-18° C., and the 5 p.m. temperature 20-25° C. It seems therefore im- 
probable that over the diurnal cycle a mean difference of less than 1° between 
the unshaded and shaded pots would favour to any appreciable extent the 
plants growing in full daylight. Even though the reductions in growth due 
to shading might be attributed in small part to the lower temperature, the 
differences in the effects of ammonium sulphate and calcium nitrate within 
various light levels are independent of such a factor. 


DISCUSSION 


In earlier experiments (Blackman, 1932, 1934) it was demonstrated that 
the repeated addition of ammonium sulphate to frequently defoliated swards 
decreased the content of species other than the grasses more than did calcium 
nitrate. At the time an explanation based on the work of Prianishnikov was 
put forward, that this difference between ammonium sulphate and calcium 
nitrate was due to a toxic accumulation of ammonium ions, occurring not in 
the grasses but in such species as Trifolium repens. It is not proposed in this 
paper to deal fully with Prianishnikov’s results, since these have been discussed 
in earlier papers (Blackman, 1934, 1938) and in recent reviews of nitrogen 
metabolism by McKee (1937) and Nightingale (1937). Briefly, Prianishnikov 
demonstrated for a number of plants, including several legumes, that etiolated 
seedlings placed in solutions of ammonium salts were adversely affected. It 
was held that as soon as exhaustion of the available carbohydrate supply 
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checked further elaboration of the absorbed nitrogen, then ammonia nitrogen 
accumulated in toxic amounts. On this hypothesis it should follow that at 
low light intensities which limited carbon assimilation ammonium sulphate 
would have a greater effect on T. repens than at higher light intensities. 
Furthermore, as a corollary it was put forward that the difference between 
ammonium sulphate and calcium nitrate should come greater as the light 
intensity decreased. As it has been pointed out in the introduction, the field 
experiments described in the first paper of this series (Blackman, 1938) 
showed results exactly opposite to those expected from the earlier hypothesis. 

On the basis of the present investigation the previous results can be ac- 
counted for by a more or less complete reversal of the initial assumptions. 
The balance of evidence clearly shows that at light intensities which limit 
growth, it is the grasses, not the clover, which are adversely affected by the 
addition of ammonium sulphate. In the three pot experiments of 1935 and 
1936 it has been demonstrated that ammonium sulphate caused significant 
depressions in the leaf production of Agrostis tenuis and Festuca rubra at 
intensities of 0:44-0:37 daylight. Yet the growth of clover was unaffected by 
nitrogen in spite of the marked effect such light intensities had on growth. The 
results of the other comparable experiments showed, however, no deleterious 
effect of ammonium sulphate at any of the light intensities employed. 

The present investigation has, however, revealed results even more un- 
expected than those already indicated, namely the interaction between light 
intensity and the effects of ammonium sulphate and calcium nitrate on the 
growth of the grasses. In the 1933 F. rubra experiment ammonium sulphate 
and calcium nitrate were not significantly different when the plants received 
normal daylight, yet at a light level of o-6 daylight leaf production was signifi- 
cantly less when ammonium sulphate was added. Subsequent to 1933 the 
experiments gave different results, since at low light intensities the positions 
of ammonium sulphate and calcium nitrate were reversed. In the F. rubra 
experiments (1934 and 1935) ammonium sulphate relative to calcium nitrate 
tended to increase growth more at 0-61-0-62 than in full daylight. Further- 
more, in 1935 only calcium nitrate significantly depressed growth at the 
light level of 0-44. In two out of three A. tenuis experiments this difference 
between the forms of nitrogen was most marked. In the 1935 pot experiment, 
although both ammonium sulphate and calcium nitrate largely increased leaf 
production in daylight, yet at the level of 0-61 only ammonium sulphate 
increased growth, while calcium nitrate reduced it. Similarly in 1936 
ammonium sulphate and calcium nitrate in full daylight accelerated leaf 
growth equally, but at an intensity of 0-63, where light was in part a controlling 
factor, the response to ammonium sulphate was significantly greater. More- 
over, at intensities of 0-44—0-37 calcium nitrate depressed growth more than 
ammonium sulphate in both experiments. On the other hand, in the 1935 
field experiment there was no difference between the two forms of nitrogen 
at the three levels of light employed. 
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In contrast with the results obtained for the two grasses, in none of the 
clover experiments was any difference between ammonium sulphate and 
calcium nitrate dependent upon the light intensity. In two of the four 1934, 
1935, and 1936 experiments the average effect of ammonium sulphate was 
significantly greater, but in none of the experiments, even at high light 
intensities, did additional nitrogen increase growth to the same extent as in 
the grasses. 

In view of Prianishnikov’s observations it is clear that these results cannot 
be adequately interpreted without a consideration of the effects of light 
intensity and nitrogen supply on the accumulation of the various nitrogen 
fractions within the plant. It is not proposed, therefore, to discuss these 
results in detail until the changes in protein synthesis and carbohydrate 
content have been described in subsequent papers. It will be shown that, 
unlike the clover, the grasses at low light intensities still actively absorb the 
nitrogen added either as ammonium sulphate or calcium nitrate. Under such 
conditions if there is a low carbohydrate content, the absorbed nitrogen is 
not synthesized into protein. 


TABLE XVI 


Changes in Temperature and Light Intensity for the Periods 
_ between Successive Defoliations 


Average daily Mean daily Mean 
temperature (° C.) hours of length 
maximum. minimum. sunshine. of day. 
1935 Pot Experiments. 
1st defoliation 74°3 REG] 7:86 16°63 
2nd, 7471 52°2 9°79 16-50 
3rd 5 79°9 52°4 10°65 16:26 
1935 Field Experiments. 
1st defoliation FOR 51-9 4°75 14°55 
2nd es 726 52°6 4°97 14°20 
3rd, 67°9 50°3 5°04 13°75 
1936 Pot Experiments. 
1st defoliation 60°4 46°3 6-30 15°48 
and &- #5; 61°1 41°3 6°37 15'97 
3rd ie 60-2 40°! 5°63 16-30 


Apart from the interaction between light intensity and nitrogen supply, 
these experiments have also demonstrated that under a system of frequent 
defoliation, shading has markedly decreased growth both in the grasses and 
the clover. The investigations of other workers have not on the whole shown 
that comparable reductions in the light intensity have diminished growth to 
the same extent. The experiments, for example, of Popp (1926), Zillich 
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(1926), Shirley (1929, 1935), Scharrer and Schropp (1934), Clements and 
Long (1934), and Novikov (1936) indicate for many species, Helianthus annuus 
being an exception, that growth is decreased appreciably only below a level 
of o-5 daylight. These investigations, however, differ essentially from the 
present experiments in that the plants were allowed to grow unchecked. It 
would be expected that the frequent removal of the leaves would render plants 
more susceptible to low light intensities. In this connexion it has already 
been demonstrated that the effect of shading is dependent upon the frequency 
of defoliation. In the case of the material removed at the first defoliation, a 
lower light intensity either increased or did not affect leaf production in the 
two 1935 and one 1936 clover experiments. Yet in the second and third 
periods, leaf production was almost directly proportional to the light intensity. 
The results for A. tenuis and F. rubra were essentially the same if allowance 
is made for the fact that nitrogen rather than light was the factor limiting the 
growth of those plants which did not receive additional nitrogen. Since these 
effects were common to the three species and to the several experiments, it 
seems unlikely that the failure of shading to depress leaf production in the 
first period was due to differences in light intensity between the first and 
subsequent periods. The data in Table XVI confirm this view, since the 
temperature, hours of sunshine, and length of day were not particularly 
favourable to growth in the initial periods. As alternative explanations there 
seem to be two possibilities. Since prior to the experimental period all the 
plants were allowed to grow in daylight without cutting, some reserves of 
carbohydrate would have accumulated in the roots and the basal portions of 
the shoot. On the plants being cut back, it is possible that, under reduced 
light intensities, but not in full daylight, these reserves are mobilized and 
utilized for leaf production. As a result of this shift in the carbohydrate 
balance, regeneration for the first period may be greater than in full daylight 
where the normal partition of the carbohydrates between the leaves and the 
rest of the plant operates. In the subsequent defoliations leaf production at 
low light intensities will be more dependent on the amount assimilated and 
less on these carbohydrate reserves. In the present experiments it would 
appear that the reserves are exhausted in the first two defoliations, since by 
the time of the third period leaf production is in general almost linearly 
proportional to the light intensity. There is also the possibility that apart 
from such reserves, some internal factor linked with the frequency of defolia- 
tion governs leaf production. It might be, for example, that at low light levels 
the photosynthetic efficiency decreases with the number of defoliations. 

Finally, while in the present experiments a marked interaction between 
light intensity and nitrogen supply has been demonstrated for the two grasses 
investigated, it does not follow that plants less frequently defoliated will behave 
similarly. It is hoped in future experiments to determine how far the depres- 
sant effect of high nitrogen supply under low light intensities is dependent 
upon the interval between successive defoliations. 
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SUMMARY 


In order to study further the parts played by light intensity and nitrogen 
supply in the competition between grasses and clover eleven pot experiments 
and two field experiments were carried out from 1933 to 1936. In ten ex- 
periments the plants were grown in soil, but in the remaining three a 
sand-bentonite mixture was employed. Differences in light intensity were 
maintained by shading the pots or plots with one to three layers of butter mus- 
lin stretched on wooden frames. Additional nitrogen, either as ammonium 
sulphate or calcium nitrate, was added every 7-10 days at rates equivalent to 
37-5-50°0 lb. nitrogen per acre. Prior to the experimental period the plants 
were allowed to grow unchecked in full daylight for at least six weeks, but 
during the experimental period they were defoliated at frequent intervals by 
cutting with shears. 

In the case of the grasses, i.e. Agrostis tenuis and Festuca rubra, the effects 
of both ammonium sulphate and calcium nitrate were dependent upon the 
light intensity. With full daylight the response to additional nitrogen was 
marked; in two out of five experiments ammonium sulphate caused a larger 
increase. Lowering the intensity to 0-63-0-6 of daylight accentuated this 
difference between the two forms of nitrogen, for in four out of the five 
experiments the results were significantly different. In one instance calctum 
nitrate was superior to ammonium sulphate, but in three other experiments 
the increase due to ammonium sulphate was significantly greater. Moreover, 
in one experiment, although ammonium sulphate increased leaf production, 
calcium nitrate depressed it. When the light intensity was further reduced 
to 0:44-0:37 then both ammonium sulphate and calcium nitrate reduced leaf 
production in three out of four experiments. In addition, the depression 
brought about by calcium nitrate was significantly greater. 

In direct contrast with the results obtained for the grasses, there was no 
evidence with Trifolium repens that differences in the effects of ammonium 
sulphate and calcium nitrate were dependent upon the light intensity. In 
daylight additional nitrogen caused a small rise in leaf production (three out 
of four experiments), while at intensities of 0-63-0-6 the nitrogen effect was 
even less marked. At the lowest light level (0:44-0:37) there was no response 
to nitrogen, neither was there any indication that either ammonium sulphate 
or calcium nitrate depressed leaf growth. 

In general, the response of all species both to light intensity and nitrogen 
supply was dependent upon the number of defoliations. At each light level 
the effects of additional nitrogen became progressively greater with successive 
defoliations. On the other hand, reductions in the light intensity gave results 
at the time of the first cut which differed from those in subsequent cuts. For 
the first period shading 7. repens either increased or did not affect leaf produc- 
tion, but in the following defoliations leaf production was almost directly 
proportional to the light intensity. When the grasses were supplied with 
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additional nitrogen, the results showed the same trend as in the case of 7; 
repens. In some experiments, however, in the absence of nitrogenous manur- 
ing the light effect was masked, since growth was limited by nitrogen 
deficiency. 

It is concluded from this and the previous investigation (Blackman, 1938) 
that in grassland communities the balance between legumes and grasses is 
dependent largely upon competition for light. When the sward is infrequently 
defoliated then the taller growing grasses shade the clovers. Since the density 
and height of the grasses is correlated with the nitrogen supply, additional 
nitrogen may depress the leguminous species merely by increasing the degree 
of shading without any direct effect of nitrogen on the legumes. 


The authors are indebted to Imperial Chemical Industries for permission 
to publish the results of the experiments jointly carried out in 1933-5. They 
also wish to thank Dr. M. S. Bartlett for his help in the statistical interpreta- 
tion of the data. . 
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Sampling as the Cause of the Apparent Growth Cycles of 
Lemna minor 
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With eight Figures in the Text 
I. INTRODUCTION 


N a previous paper (Dickson, 1938a) it was demonstrated that measure- 

ments of the growth of Lemna minor showed two cycles. One of these hada 
periodicity of four to six days, the other of twenty-five to forty days. In each 
case it was shown that the duration of a complete cycle was probably a func- 
tion of the rate of growth of the plants. It was also observed that the wave- 
phase sometimes changed when a colony was transferred to a different en- 
vironment, and that the extent of the alteration was probably determined by 
the particular phase at the time of transfer. It was suggested that the cycles 
may be related to the fact that the growth data (frond counts and dry weight 
determinations) are those of colonies of numerous individuals, and that the 
cycles, while exhibited by the colonies are not shown by the individual plants. 
This view has been followed up by experiment and a theory advanced to 
account for the presence of the cycles. 


II. ExPERIMENTAL RESULTS 


The general cultural conditions employed are similar to those described in 
a previous paper (Dickson, 19380) and will not be repeated here. Where there 
are differences in detail for the several experiments they are set out below, 
together with the results. Certain of the data are taken from experiments 
described in the earlier paper. 


a. The effect on the wave-phase of a change in environment. 

In the previous paper it was pointed out that the differences between the 
regression coefficients of certain replicate experiments (K, L, M, and N) were 
partly due to the relative rate of frond division being faster at the beginning 
of the experiments than subsequently, and also to differences in the length of 
of the several experiments. An effect due to the wave-cycle of the parent 
colony, experiment E, was also involved and it was stated that this effect would 
be dealt with in a later paper. Fig. 1 shows part of the wave-cycle of the parent 
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colony, experiment E, growing in twelve-hour alternations of light and dark- 
ness, and also the curves of log. frond number with time of experiments K, L, M, 
and N growing in one-minute alternations. The plants for these four experi- 
ments were taken from the parent colony on January 27, February 5, &c. 
Straight lines have been drawn through the first two points of each curve to 


d inThrees 


ig. Frond 


Numbers 


Differences Summe 
Between Successive Lo 


TJAN. 31 SFEB. 8& 12 1Gane20 244 = 28 4MAR. 8 12 


Fic. 1. The four curves kK, L, M, and N are of colonies derived from samples taken suc- 
cessively from the parent colony of Experiment E. Straight lines are drawn through the first 
two points of each curve to show the initial slopes. 
emphasize the differences between the rates of increase of log. frond number 
in the first two days and the rates subsequently. It will be seen that the rate 
for the first two days is greatest in experiment M, somewhat less in L, and 
lowest in K and N. After the first two days the rates in all cases decrease and 
approach a common rate. A comparison of the initial rates with the wave- 
cycle of colony k, shows that as the parent colony approaches the crest of its 
wave so the initial rates increase and are lower again after E has passed its 
maximum point. While this result has not been repeated it is thought prob- 
able that the particular phase of the parent colony, at the time material is taken, 
has an effect on the initial rate of growth of the sample in its changed environ- 
ment. It also appears probable that the extent of this initial ‘stimulus’ has a 
bearing on the wave-phase of the new colony, as it has been shown (Dickson, 
1938q, fig. 1) that one daughter colony may have a wave-phase the inverse of 
that of its parent, while a second one, taken subsequently when the parent 
colony was in a different phase, may show the same phase as its parent. 
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b. Experiments on the interaction of the plants in a colony. 


Two experiments were designed to show whether the waves in growth 
measurements could be attributed to a ‘social biological’ effect, i.e. to some 
form of interaction between the different plants in a colony. In the first of 
these, two colonies were grown, each in its own dish of culture solution and 
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Fic. 2. Growth curves of two colonies of Lemna in each of which individual 
plants were grown in separate supplies of culture solution. 


their wave-phases, which were approximately the inverse of one another, de- 
termined. They were then placed in the same dish but kept distinct by float- 
ing each colony within a wax ring. Frond counts were then continued. No 
change was found in the waves of either colony which indicates that plants 
in one wave-phase have no effect on the phase of other plants grown in the 
same medium. 

The second experiment was designed to show whether a number of plants 
grown and measured under standard conditions, but with each plant having 
a separate supply of culture solution, would show a cycle in growth measure- 
ments. For this purpose a number of small specimen tubes were packed into 
a dish and held in position with paraffin wax. They were filled with solution 
and one plant was placed in each. Every second day the plants were removed, 
washed, and the number of fronds determined. One plant was then replaced 
in each tube and the surplus discarded. Fig. 2 shows the results of two such 
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sets. It will be seen that in one set there is a well-défined wave, while in the 
other the result is indefinite. It is concluded then, that there is no evidence 
for the existence of a ‘social’ biological effect and that a wave can be produced 
where no reaction is possible between the members of a colony. 
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Fic. 3. Growth curve of a colony grown from a single frond without sampling, i.e. 
without removing any fronds. 


c. The wave-cycles of a colony grown from a single frond without sampling. 


A single immature frond was selected, placed in a dish with culture solution 
and allowed to grow for nineteen days, a count of the total number of fronds 
produced being made every day. No fronds were removed from the colony 
throughout the experiment. The results are shown in Fig. 3 in which the 
differences between successive log. frond numbers and their respective values 
calculated from the line of closest fit are plotted against time. A wave, having 
a short periodicity of from four to five days is present, but this decreases in 
amplitude as the colony gets larger until it has almost disappeared by the end 
of the experiment. Two other determinations similar to the above were made 
with the same results. It appears evident, therefore, that while many of the 
colonies in which frond numbers have been determined and which in most if 
not all cases show the presence of a short-wave cycle (vide Dickson, 19382, 
Figs. 3 and 4; Ashby, 1929, Fig. 8, and Ashby and Oxley, 193 5, Fig. 41),! have 


* In the case of the last two references the experiments were too short to make the existence 
of a short wave certain, but it is definitely suggested by several of the curves. 
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originated more or less recently from single fronds, this method of forming a 
colony cannot be held responsible for the origin of the short wave. 

The experiment was not continued for sufficiently long to determine 
whether a long-wave cycle is present or not. An analysis of the curve shows 
a slight falling off in rate of division with time. This is but to be expected, 
however, for as the experiment proceeds the number of older fronds increases, 
and Winter (1937) has shown that as a Lemna frond ages so the intervals 
between the production of successive daughter fronds increase. 


d. The effect of a long period of darkness on the short-wave cycle, 


An alternative method of producing a colony of Lemna plants to that of 
allowing a single frond to multiply, and one which is not uncommonly used, 
is to take a sample of plants from some stock source, where they are generally 
in an inactive condition, and grow them under standard conditions for two or 
three weeks before beginning measurements. It appeared possible that fronds 
of a random sample of plants taken from a source where growth was not active 
and transferred to conditions where rapid division was possible, might start 
to divide at approximately the.same time and so set up a rhythm in the frond 
counts. The method of division of a frond is complex; first it divides to give 
a frond on the left: side (as viewed with the rounded end pointing from 
one), then one on the right. The ‘left-hand’ frond matures first and divides 
successively on the left and right, and similarly with the right-hand frond. 
Winter (1937) has shown that each frond continues to divide until ten or 
twelve daughter fronds have been formed, and then dies. 

In view of this complicated form of division it was decided to determine 
only the interval between the first appearance of a ‘left-hand’ frond and the 
appearance of the latter’s first left-hand daughter; in this way the question of 
interpreting the results was much simplified. The following method was 
adopted. Fifty-one plants were selected, each plant consisting of a frond with 
a young left-hand daughter frond. The plants were divided into three sets of 
seventeen plants each, and each was placed in a hole punched in waxed paper 
discs floating in culture solution. They were examined daily and the solution 
was then changed. The first appearance of a left-hand daughter frond was 
noted for each plant and also the occasion on which this daughter frond gave 
rise to its first daughter, and so on. It was found that as soon as a daughter 
frond had been produced the parent frond could be readily separated from the 
parent plant which was then discarded. This process was carried out daily 
with each plant for twenty-nine days. T'wo of the three sets of plants were 
then placed in the dark in an incubator at 23° C. for seven and eleven days 
respectively, during which time the solutions were only changed once. They 
were then returned to their previous environment and divisions noted on the 
following four days. In this way, with the exception of the period in the incu- 
bator, the plants had been examined every twenty-four hours. Fig. 4 shows 
the results for each set. The numbers of new fronds formed on any one day 
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were added together for each set and are shown plotted against time. It will 
be seen that in each case a definite wave is established with a periodicity of 
about four days, this is attributed to the fact that the daughter fronds with 
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Fic. 4. The vertical lines in the curves A and B represent periods of seven and eleven days 
respectively during which the plants were kept in the dark. 


which the experiment was begun were not a random selection but were in 
most cases of about the same size, and would therefore be expected to give 
rise to new fronds at about the same time. The mean calculated time interval 
(total days/number of divisions) between the births of successive daughter 
fronds for the three sets is 3-74-+.0-03 days. As, however, the plants were not 
observed continuously this means that on some occasions there will have been 
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an interval of three, and on others of four days, between divisions. The ratio 
of the number of three-day to four-day divisions calculated from this mean will 
therefore be 26/74 or 1/2°85. The results of the dark period in the sets a and 
B are shown in Fig. 4. The vertical lines on the twenty-ninth day represent 
the dark periods of respectively seven and eleven days. It will be seen that 
the plants behaved exactly as if there had been no dark period, growth being 
resumed at the normal rate immediately the original conditions were restored. 
An analysis of division times of the individual plants showed that with very 
few exceptions divisions occurred at times which the results previous to the 
dark period would lead one to expect. In some of the exceptional cases divi- 
sion occurred a day early, in others a day late. It is concluded from these 
results that plants, following a period under conditions which prevent active 
division, resume their growth according to their previous individual stages of 
development. There is no tendency for, say, young fronds to divide pre- 
maturely and so get into step with others which are on the point of division. 
It may be taken as generally improbable then that a cycle can be established 
by transferring a sample of fronds from a poor environment to one that favours 
active growth. 

It is of interest here to note that the set of fronds after eleven days in 
complete darkness were a little paler than a comparable set which had been 
continuously in the light, but that otherwise they appeared perfectly normal. 
The loss of ‘roots’, which is an early and therefore sensitive indication of an 
unsuitable environment, did not take place during the period of darkness. 


e. The effect of sampling on the short-wave cycle. 


Two colonies of Lemna A and B were established under continuous light 
at a temperature of 26° C. The number of fronds in each colony was counted 
every second day for a period of thirty-four days. During the first twenty-four 
days the colonies were ‘sampled’ after each count, i.e. the fronds were reduced 
to a constant number, in this case to 45. For the remainder of the time no 
fronds were removed from the colonies. The results are plotted in Fig. 5, 
in which the differences between successive log. frond numbers and their 
respective values calculated from the lines of closest fit are plotted against 
time. It will be seen that in each colony a short wave with a periodicity of 
about seven days is present from the beginning of the experiment to the 
twenty-fourth day when sampling was discontinued. After the twenty-fourth 
day the amplitude of the wave is greatly reduced. On the thirty-fourth day 
each colony consisted of some 1,100 fronds, so it was not practicable to con- 
tinue the experiment further. It is considered that these results, together with 
those of the experiment described in Section II, c, indicate that sampling and 
the short-wave cycle are intimately connected, and that on the cessation of 
sampling any wave which may be present at the time gradually decreases in 
amplitude and probably ultimately disappears. As in all these determinations 
of the rate of increase of frond number during which sampling has been carried 
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out regularly and for a sufficiently long period a short-wave cycle has been 
found, it is considered justifiable to conclude that the short wave is main- 
tained and is probably initiated by the act of sampling. An explanation of 
how sampling gives rise to and maintains a wave in growth measurements is 


put forward in the discussion. 
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Fic. 5. Curves showing the effect of sampling on the short-wave cycle. After the first 
twenty-four days the colonies were counted every two days but were allowed to grow with- 
out reduction of number. 


III. Discussion 
Short waves. 


It has been shown that the short wave is not due to the methods generally 
used in starting a colony of Lemna plants, i.e. either by multiplication from a 
single frond or by transferring relatively inactive plants to conditions where 
rapid division is possible. Neither is the wave due to any effect of one indi- 
vidual of a colony upon another. The experiment described in Section Ti¥e, 
during which there was no sampling, and in which a wave of short period was 
observed to decrease in amplitude until it almost disappeared by the end of the 
experiment, together with the experiments of Section II, e, indicate that the 
sampling process is closely related to the existence of the short wave and it is 
believed that this process not only gives rise to the wave but also maintains it. 
In order to illustrate the effect of sampling one may consider the results of 
sampling on the rate of division of 400 fronds selected at random from a 
normal population. Assume that the time from the first appearance of one 
frond to that of its daughter is four days, that counts are made every day, and 
that following each day’s count the total number of fronds is reduced by 
random sampling to the original number of 400. Since the first sample is a 
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random one the probability is that 100 fronds will divide each day. The table 
shows the estimated results based on these assumptions. 


TABLE I 
Ori- Count Number Count Number Count Number Count Number 
ginal Ist reduced 2nd _ reduced 3rd reduced 4th reduced 
fronds. day to 400, day. to 400. day. to 400. day. to 400. 
100 200 160 160 133°3 133°3 I14°5 114°5 100 
100 100 80 160 133°3 133°3 T14'5 114'5 100 
100 100 80 80 66-6 133°3 114°5 114°5 100 
b Care) 100 80 80 66-6 66-6 57°3 114'5 100 
Total frond 
munBers™. | bas 500 — 480 — 466°6 i 458°0 —— 


The numbers of fronds occurring on successive days will then be 500, 480, 
467, 458, 500, &c. Thus it is seen that assuming regularity of division and 
sampling a short wave is set up with a periodicity which is a function of the 
rate of frond division. While it is realized that the effects of the different rates 
of division of right- and left-hand fronds and of old and young fronds, and 
‘the complications introduced by the relatively long period between the birth 
of a frond and the occasion of its first division have been neglected in this 
calculation it is nevertheless considered from the evidence that sampling in 
the manner described is entirely responsible for the presence of the short 
wave. It is probable that once the colony has come into equilibrium with its 
environment the mean rate of division of the colony in the absence of samp- 
ling, is constant. The example quoted above is also exceptionally simple in 
that the period of division is a simple multiple of the interval between 
counts. Assuming that 3-7 days—the interval found by experiment in Section 
II, d, is the division period for every frond, and that measurements are made 
on alternate days, then each frond and its descendants will be observed to 
divide on the following days:—every fourth day for six divisions, one division 
after two days, every fourth day for six divisions, one division after two days, 
every fourth day for five divisions, then one division after two days; this gives 
a total of seventy-four days and completes the cycle. A simpler case has been 
worked out in full for a random sample, where the division period is 3:5 days 
and measurements are made on alternate days. The complete cycle occupies 
fourteen days in this case, and two cycles are shown in detail in Fig. 6. The 
condition here is the same as that which occurred in the experiment described 
in Section II, d, except that in the latter case the cycle was longer owing to the 
different division rate (3-74 days) and that counts were made daily. 


Long waves. 


The presence of a long-wave cycle has been demonstrated by the author 
in eight separate instances (Dickson, 1938a), and it has been shown that as 
a result of the wave measurements based on observations extending over seven 
days may differ from the mean rate by as much as 20 per cent., and where 
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two rates are compared with colonies in opposite phase a difference of 40 per 
cent. may arise from the wave effect alone. Significant differences between 
adjacent up and down slopes have been demonstrated by Student’s method 
(Fisher, 1928) in two experiments (E and H) in the above paper. In one case 
where m = 4, P was less than 0-02 and in the other where m = 11 the differ- 
ence was of even higher significance. Owing to the comparatively short dura- 
tion of most experiments on Lemna few of the published results could be 
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Fic. 6. Theoretical curve showing two complete cycles. For explanation see text. 


expected to show the long wave. In an experiment by White (1936, Fig. 1), 
however, in which experiments were continued for eighteen days, two of the 
three curves illustrated show a long regular variation which might well be 
part of a long wave. 

A sample taken from a colony has been found to have a wave not always 
in phase with that of the parent colony and it has been shown that the wave- 
phase of the sample is probably dependent on the particular phase of the 
colony at the time of its removal. Alteration of the frequency of sampling 
also probably has an effect on the long wave (Dickson, 1938a, Fig. 2, experi- 
ment £). ‘The experiment described in Section II, b, of this paper shows that, 
as in the case of the short one, the long wave is not due to any ‘social’ effect, 
i.e. of one individual on another. 

Several factors have been considered as being possible causes of the long- 
wave cycle. In the first place the irregularity in division rates calculated from 
counts made only at fixed intervals suggested a possible source of the rhythm. 
Fig. 6 shows that this factor may in effect introduce a long cycle, but its 
amplitude is necessarily less than that of the short waves, whereas in actual 
measurements it is much greater. Secondly, two different rates of division 
such as those of left-hand and right-hand fronds, when imposed on one 
another will give a ‘beat’ of longer period than that of either of its com: 
ponents. Such a possibility is illustrated in Fig. 7, where two sine waves of 
different period are shown, together with the curve resulting from the 
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addition of their values at regular intervals of time. Again, the amplitude of 
any wave so formed cannot exceed that of the two waves taken together and 
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Two sine waves of different frequency and the wave resulting from the addition 
of their values at regular intervals of time. 
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a variation of this order is not sufficient. Fig. 8 shows the logs. of the values 
of a sine wave, together with the curve resulting from measurements taken at 
fixed intervals along it. The ratio of the intervals tothe period of the sine 
wave was 1°25/4. It will be seen that a curve so formed shows not only a short 
wave but also a long one; as in the previous two cases, however, the amplitude 


804 Dickson—Sampling as the Cause of the Apparent 


of the latter cannot exceed that of the former and consequently is not sufficient 
as an explanation of the present case. It is therefore evident that none of these 
factors can be responsible for the origin of the long wave. It is considered that 
the most probable cause of the long wave, i.e. the rhythm in frond number 
counts, is the effect of sampling on the relative numbers of young and old 
fronds present in a colony, and that the length and magnitude of the wave so 
formed is dependent on the frequency and manner of sampling in relation to 
the division rate. The effect of random sampling (carried out in the case of 
Lemna in order to keep the number of fronds in a colony from becoming 
unmanageably large) in an established colony consisting of fronds of all ages, 
is gradually to remove those fronds which are slowest in dividing, 1.e. old 
mature fronds and young immature fronds. By doing so the average division 
rate for the colony is increased and the up slope of a wave initiated. After 
this process has continued for some time the removal of immature fronds will 
begin to have an effect in causing a dearth of mature young and rapidly 
dividing fronds with a consequent decrease in the division rate. As the divi- 
sion rate decreases so does the severity of sampling (the percentage of fronds 
removed per day is smaller), with the result that fewer immature fronds as well 
as fewer older fronds are removed, a further decrease in the division rate there- 
fore results and the down slope of the curve is initiated. This hypothesis as 
to the origin of the long-wave cycle also explains the action of the various 
factors which have been found to affect the wave. For example, it offers a 
ready interpretation as to why the observed frond-division rate is a function 
of the wave period, and the variation in the average frond weight is related 
to the wave-phase, and it explains a change in the long wave on altering the 
frequency of sampling. An alteration of the mean division rate by transferring 
acolony to new conditions while the period of sampling remains unchanged will 
obviously have an effect on the wave-cycle, and it can also be seen that the 
phase at the time of removal to the new conditions may be expected to have 
a bearing on the phase in which the colony starts in its new environment. 
As already pointed out, the error introduced into a determination of the 
mean rate of increase in frond number over a period of seven or eight days, 
may be as much as 20 per cent. above or below the true mean, an error, due 
entirely to the existence of the long-wave cycle. An error of this size will not 
be of frequent occurrence (unless the period during which measurements 
are made is reduced) but smaller variations from the mean rate will occur 
more often, so that it is obviously necessary to adopt some modification of the 
method usually employed whereby the occurrence of the long wave and con- 
sequently of such errors can be eliminated. While this could be achieved by 
merely ceasing to sample, such a solution would prove impracticable owing 
to the very large numbers of fronds which would ultimately have to be dealt 
with. It is suggested that the method adopted in Section II, d, in which the 
average interval between the first appearance of a left-hand daughter frond 
and that of its first left-hand daughter was determined would prove most 
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satisfactory. It would not be necessary, as in the experiment described to 
keep the different plants separate, all could be grown together as is the normal 
practice. The advantages of this method are as follows: (a) Sampling affects 
only those fronds which are no longer involved in the count, so that a short- 
wave cycle will not be initiated; (b) as all fronds involved in the estimation 
throughout the experiment will be of the same age, and also since sampling 
does not affect such fronds, no long-wave cycle will arise in the measurements; 
(c) it is probable that plants will come into equilibrium with a new environ- 
ment sooner than was the case when using the original method, as the only 
fronds concerned in estimating the division rate are young ones; (d) the labour 
involved in a determination of the rate of frond increase should be no larger 
than that in the present procedure. 


IV. SUMMARY 


Experiments are described which indicate that the short-wave cycles 
(Dickson, 1938a) found when the frond number is determined by the usual 
methods are not the result of the particular method adopted when first 
establishing a colony of Lemna. 

By growing plants each in a separate tube it has been demonstrated that 
the long wave is not due to any ‘social biological’ effect, as under these condi- 
tions a well-developed wave cycle was formed. 

It has been shown both theoretically and by experiment, that the presence 
of the short wave is due simply to the process of sampling in general use, 
i.e. to the regular reduction in the number of fronds which is necessary to 
keep the number within practical limits. ‘Thus it has been shown in the ab- 
sence of sampling that no short wave is to be found, but that it appears as soon 
as sampling is begun. Theoretically it has been shown that a short period 
wave will arise in a random collection of fronds as a result of sampling. 

Various methods by which the long-wave cycle might be expected to be 
formed are discussed, but in each case the maximum amplitude of the waves 
so produced was never sufficiently large. Finally, it is proposed that the effect 
of sampling in removing fronds which are slow in dividing (especially newly 
formed immature fronds) offers an adequate explanation of the existence of 
the long-wave cycle. This view is supported by a number of observations 
which have been made concerning changes in sampling methods and growth 
conditions. 


In conclusion I wish to express my indebtedness to both Professor Voit. 
Blackman and Professor F. G. Gregory for many helpful suggestions and 
criticisms throughout the course of these experiments. 
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NOTES 


THE EMBRYO AND GAMETOPHYTE OF PSILOTUM TRIQUE- 
TRUM. A Preliminary Note.—As the result of field investigations on this plant 
extending over a number of years, the writer has discovered a large number of 
gametophytes. Two facts of special interest have come to light which seem to warrant 
immediate publication in the form of a preliminary notice. A full account, based on 
a considerable amount of material, is in course of preparation, and it is the writer’s 
intention to submit this for publication in the near future. 


The Embryo and Young Sporeling 


A sufficient number of developmental stages, from the fertilized egg on to the 
detached young sporeling, have been obtained to make it clear that the embryogeny 
of Psilotum is essentially the same as that of Tmesipteris. The embryo of Psilotum 
consists of two organs only, viz. shoot and foot, the latter having the same haustorial 
Processes as in Tmesipteris. There is no trace of either root or cotyledon. 

The special interest of this similarity lies, of course, in the remarkable simplicity 
of organization which is now known to characterize the embryo in both genera. The 
facts which have come to light with respect to Psilotum can be held to increase the 
possibility that the existing Psilotales have retained a more or less primitive organiza- 
tion. ‘The comparison of this group with the Devonian Psilophytales has thus an 
added interest. 


A Vascular Strand in the Gametophyte 


The gametophyte of Psilotum grows to a larger size than that of Tmesipteris. 
The writer has found incomplete specimens up to 20 mm. in length, and 2 mm. in 
diameter. These are probably several years old. In his original account of this 
gametophyte (Trans. Roy. Soc. Edin., lii. 1917) Lawson figures an object which had 
a total length of nearly 20 mm. and a diameter of just under 1 mm. 

A number of portions of gametophytes found by the present writer are from 14 
to 2 mm. in diameter, and are thus of much stronger growth than those found by 
Lawson. In these there is a well-defined conducting strand which, in the rather 
older regions of the gametophyte, possesses in some cases one or two tracheides (see 
Figure on page 808). These thick-walled tracheides are invariably situated at the 
centre of the strand, and are completely surrounded by a zone, 2 to 4 cells in width, 
of narrow, thin-walled elements with dense contents, which can be styled ‘phloem’. 
In regions of the gametophyte where this conducting strand is best developed it is 
surrounded by a very distinct endodermis. The endodermal cells show typical 
thickenings on the radial walls, and sometimes also at the cell angles, these thicken- 
ings staining very strongly with phloroglucin or safranin, as do also the tracheides. 
In microtomed longitudinal sections the tracheides are seen to be typically annular. 
The phloem elements are elongated with oblique end walls, but sieve areas have 
not been seen on them. 

This strand, or stele as it may be termed, is very similar in general structure to 
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that of very young sporophytes of Tmesipteris (and presumably of Psilotum also). 
It differs from the latter, however, in certain important particulars. It has not 
been seen to originate from the apex of the gametophyte, but first appears in a 
slender form at a considerable distance behind the apex. It extends forward as the 


Psilotum triquetrum. Transverse section of hinder region of large gametophyte showing well- 
defined stele with one tracheid, phloem zone, and endodermis. (Camera lucida drawing X 285.) 


gametophyte grows in length. When traced back into progressively older regions 
it is found invariably to be discontinuous in character, fading out and reappearing 
again a little farther back. In one case this fading out and reappearing was found 
to take place three times in a length of 5 mm. 

Wherever the strand is well formed it is invariably surrounded by a fungus-free 
zone, 2 to 4 cells in width, packed with starch, the strand itself showing neither 
fungus nor starch. Where the strand fades out the central tissues are uniform in 
character with those of the gametophyte as a whole, and are filled with fungal coils. 

The writer has not found any indication ‘whatever of a conducting strand in any 
of the largest gametophytes of Tmesipteris examined by him. Nor is there any 
indication of it in smaller gametophytes of Psilotum, even when these are bearing 
an embryo or a young sporeling. Lawson does not refer to such a strand in either 
Tmesipteris or Psilotum (Trans. Roy. Soc. Edin., vols. li, lui, 1917). 

It may be added that the Psilotum objects with a strand possessed in every case 
also numerous antheridia and archegonia covering the surface more or less closely. 
In some cases one or more embryos were also present on these same objects. 

It is not intended to discuss these facts at any length in the present communica- 
tion. It will suffice here to indicate briefly three possible ways of interpreting this 
gametophytic stele. There is the possibility, firstly, that these large gametophytes 
possessing a conducting strand are peculiar instances of phenomena known in 
apogamy and apospory, but there seems to be no direct support for such an 
explanation in this case. Secondly, there is the suggestion that the strand may 
have merely a physiological significance. Its invariable relation to the nearby 
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accumulation of starch might be taken as corroborating this view. The possibility 
that typical annular tracheides and a typical endodermis can arise spontaneously 
in a gametophyte seems to carry with it far-reaching conclusions with respect to 
both the phylogenetic and the ontogenetic origin of conducting tissues in the 
various organs of the sporophyte of vascular plants. Thirdly, there is the possible 
explanation that the conducting strand in the Psilotum gametophyte is vestigial in 
character. This interpretation involves the conception of the homologous origin 
of the alternation of generations in Pteridophyta. It certainly agrees with the facts 
that the gametophyte and the young sporophyte, in both genera of the Psilotales, are 
in various respects remarkably alike one another, and that this group of Pteridophyta 
is commonly regarded as representing a very archaic stock. 


JOHN E. HOLLOWAY. 


DuneEDIN, N.Z. ,; 


CAUSE OF THE DISAPPEARANCE OF THE CYCADEOIDEA IN 
THE CRETACEOUS PERIOD.—No phanerogams have been recorded before 
the Lower Cretaceous period when, in Europe and North America at least, the 
greater part of the flora consisted of Cycadaceae, Gingkoaceae, Coniferae, and ferns; 
but in the Lower Cretaceous period a number of angiosperms appear, increasing in 
the Upper Cretaceous era, while at the same time the Cycads become more scanty 
and have disappeared from the north temperate regions entirely in the Eocene era. 
The cause of this sudden change has been variously explained by botanists. K. Fujii 
(Bot. Mag. Tokio, xxiv. 213) suggests, as factors, attacks by fungi, injurious 
gases from volcanoes, and change of climate. Attacks by fungi may be eliminated, 
for though it is possible that a species has been locally so destroyed, it is clearly 
impossible for a whole flora of very wide distribution to be thus exterminated. 
Volcanic gases as a cause is also an impossibility. Apart from the fact that there 
is no evidence of extensive volcanic activity in the area affected, every one who has 
botanized on and round volcanoes, say in Java and Sumatra, will recognize the fact 
that the effusion of gases has practically no effect on the flora on their slopes, which 
is often very rich and old. Change of climate, which Fujii considers the most pro- 
bable cause, would hardly be likely to affect more than a comparatively small area, 
and not the whole world. K. Yendoh suggests that the evolution of insect pollinators 
may have played an important part, but that would hardly account for the rapid 
disappearance of the Cycads alone. Groom (Ann. Bot., 1910, xxiv. 268) suggests 
that conifers are more easily deranged and killed by sudden injuries and are attacked 
by more serious fungal and insect foes than dicotylous trees. I hardly think this 
is so, and certainly the Palms, which depend for their existence on a single bud, 
came strongly to the front in Upper Cretaceous and Eocene days. 

My suggestion is that the rapidly growing broad-leaved trees, Magnolia, Arto- 
carpus, Oak, Plane, Credneria, Populus, and laurels, with their quick development, 
densely spreading masses of foliage, and rapid and abundant seed-production, 
shaded out the slow-growing Cycads and gymnosperms with their narrow leaves, 
by cutting off their light supply and probably their water supply as well, just as 
the bracken eliminates the heather and grass on our open hills, and Brachypodium 
sylvaticum the small herbaceous plants of our downs. Besides this the close growth 
of the trees and thick foliage would prevent the dispersal of pollen and effectual 
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fertilization. Fujii says that the range of wind-fertilization of Cycads is 100 metres, 
and I can confirm the very short distance apart required for the pollen of the male 
plant to reach the female, from notes made in the Botanic Gardens of Singapore. 

In some parts of the Malay Peninsula Cycads, apparently C. Rumphiana, are to be 
found persisting in dense forests, usually on limestone rocks, and now far remote 
from the sandy shores of sea or river which is their normal habitat. There is 
evidence, however, that at no very long period of time the sea or some river had 
been close to these rocks. Only on very rare occasions do these plants ever produce 
carpophylls. Indeed, I have only once seen these, and never a male cone. The 
plants reproduce solely by bulbils which fall off and rolling down the banks give 
rise to adults. Such Cycads as did not produce bulbils would disappear very 
speedily under an invasion of rain forest, and even those which did could only 
remain for a short period. 

The Christmas Island Cycas growing on open rocks produced a few bulbils, but 
it seems to be dying out now, for Andrews in 1897 describes it as growing all round 
the island and most plentiful on the south coast, but in 1904 I found very few of 
these plants left. 

The Cycads of the present day are nearly all found in hot, dry places, sea-shores, 
limestone rocks, or open veldt, very seldom in shade. They are of exceedingly slow 
growth: Chamberlain (“The Living Cycads’) gives an instance of Encephalartos 
Altensteinti growing 1 foot in forty-six years, and one, a century old, being only 
6 feet high. Most of these plants never attain a height of more than 6 feet, though 
the Dioon spinulosum of Mexico is recorded as tall as 50 feet, and Macrozamia 
Mooret 60 feet in height. 

Till the evolution of the big angiosperm trees no rain forest could have existed, 
and it was the invasion of the lofty, rapidly reproducing, forest trees and shrubs 
which exterminated the old Cycadoid flora. In the rain forest region the only 
Coniferae to be seen are the broad-leaved Dammaras and Podocarpus Blumet Endl. 
and these scantily. The narrow-leaved species of Podocarpus and Dacrydium are 
confined to sea-shores or the high mountains, where the big trees of the rain forest 
do not occur, and where it is possible for them to obtain sufficient sunlight and 
diffuse their pollen to the female flowers. The evolution of the broad-leaved dense 
forest is, I think, enough to account for the disappearance of the Mesozoic Cycads 
and gymnosperms. 

H. N. RIDLEY. 


The Constancy of the Mean Net Assimilation Rate and its 
Ecological Importance 
BY 
O. V. S. HEATH 
AND 


F. G. GREGORY 


(From the Research Institute of Plant Physiology, I mperial College of Science and 
Technology, London) 


HE work of Gregory (1926) showed that in barley, up to the time of 
maximum leaf area which coincides approximately with the first differen- 
tiation of flowers, the net assimilation rate was independent of time. It was 
also found to be unaffected by a fourfold increase in nitrogen supply. During 
this first part of the growth cycle the net assimilation rate fluctuated about a 
mean value, over 80 per cent. of the variation being accounted for by the 
variation in external factors. More recently Heath, working in South Africa 
(19374, 19375), found that in the cotton plant the net assimilation rate had no 
general trend in time during the vegetative phase but fluctuated about a mean 
rate. The results of Crowther (1934) for cotton in the Sudan also appear to 
show no drift of net assimilation rate with time until after flowering has begun. 
The data of Williams (1936) for oats indicate that ‘unit leaf rate’ (i.e. net 
assimilation rate) has no drift in time for the first four to six weeks. On the 
other hand, experiments with Sudan Grass by Ballard and Petrie (1936) show 
a fall in unit leaf rate from the first observation at 2 weeks (vide Williams, 1937, 
Heath, 1938). The data of Watson and Baptiste (1938) for mangolds sown on 
_ six different dates show a single high initial value after which the net assimila- 
tion rate has no marked trend for a period of at least ten weeks. Their results 
for sugar beet in the same experiment are similar, but show, for some sowing 
dates, two high values at the beginning. Considering every sowing for both 
crops, the high values mentioned occur, with one exception, in the periods 
June 26—July 10 and July 10-24. This strongly suggests that they were due 
to particularly favourable meteorological conditions during those periods, 
although there is no evidence as to the particular environmental factor 
concerned. 

If the constancy of the net assimilation rate during the vegetative phase of 
annual plants, apart from fluctuations in rate due to meteorological conditions, 
is of general occurrence, a comparison of the mean rates for different species 
and environments should be of considerable ecological interest. On making 
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such a comparison it is found that there is extraordinarily little variation in the 
mean net assimilation rate for the early part of the life cycle for a number of 
very different species of plants in the most diverse environments. 

The mean value over four seasons obtained by Gregory (1926) for barley 
growing out of doors in pots at Rothamsted was 0-546 gm. dry matter per 
square decimetre of leaf surface per week, the means for the separate seasons 
ranging from 0-42 to 0-66. Heath’s results (19375) for cotton (tops only) in 
South Africa were obtained on a leaf weight basis. They have, however, been 
converted to a leaf area basis, making use of the mean weight per square dm. 
over the appropriate time from sowing obtained from data presented by 
Portsmouth (1937) for the Sudan. After conversion the mean rates up to 
first flowering for the ‘C’ treatment are 0-567 and 0-418 gm. per square dm. 
per week for 1933-4 and 1934-5 respectively. It should be noted, however, 
that in the latter season the mean rate was much lowered by poor growth 
associated with aphis attack at one end of the experiment. The ‘C’ plot at the 
best end of the field, which was free from aphis, gives a mean rate of 0-521. 
A similar conversion has been carried out on Crowther’s (1934) data for cotton 
in the Sudan. The means over all the nine treatments, which had no effect on 
net assimilation rate, for the period up to first flowering have been converted 
. to a leaf area basis, again using Portsmouth’s data. The value obtained for 
mean net assimilation rate is 0-685 gm. per square dm. per week. 

F. J. Richards (unpublished data) determined the net assimilation rates 
during the early growth of three grasses very thickly sown. The rates in the 
fully manured series were lower than in the nitrogen deficient series, probably 
owing to the greater leaf growth and consequently greater degree of shading. 
Richards (personal communication) points out that in the fully manured series 
the dense mats of fine grass must also have effectively reduced the CO, supply 
to the leaves in the interior. For these reasons, only the nitrogen deficient 
series are considered here, but even in these the rates were low, probably 
owing to the dense stand. The mean rates for the three species were 0-323, 
0°242, and 0-403. 

Hornberger’s data for leaf area and dry weight of Sinapis alba, quoted by 
Boysen-Jensen (1932), yield a mean rate for the five weeks up to time of maxi- 
mum leaf area of 0-506 gm. per square dm. per week, the actual weekly rates 
varying between 0:67 and 0°31. 

Watson and Baptiste (1938) determined the net assimilation rates of sugar 
beet and mangolds over fourteen-daily intervals for six different sowing dates 
ranging from April 9 to June 18. For the sake of brevity the results from the 
three earlier sowing dates have been averaged and also those from the three 
later ones. In each case all the data up to October 2 have been included. 
After this date there is a marked fall in net assimilation in many of the series. 

Gregory’s experiments on cucumbers grown under glass (Gregory, 1917, 
1921) were carried out at three times of the year: N ovember—December, 
February-March, and June-July. In the first two experiments, which gave 
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mean rates of 0-125 and 0-338 respectively, the low light intensity was probably 
limiting assimilation, as Gregory (1917) himself points out in relation to the 
first set. On the other hand, some of the results obtained by Bolas et alia 
(1938) for tomato seedlings under glass are almost as high as the usual value 
for outdoor plants in spite of short days and low light intensity. They carried 
out a number of experiments of short duration (seven hours) on dates between 
August 22 and October 14. The mean light intensity during the different 
experiments varied from 193 to 812 foot-candles, and the day lengths from 
144 hours on August 22 to 10? hours on October 14. Light intensity differ- 
ences appear to have had little effect on the net assimilation rates recalculated 
as gm. per sq. dm. per week,’ but there is a definite fall with day length. 
The mean values from the experiments in August, September, and October 
are 0-614, 0-468, and 0-421 respectively. 

All the results referred to above are summarized in the Table. It will be 
noted that excluding the winter-grown cucumbers and the crowded grasses, 
the differences in net assimilation rate between different crops and environ- 
ments are scarcely greater than those due to seasonal effects alone, as shown by 
Gregory’s data for barley and Heath’s for cotton. It may therefore be stated 
with some confidence that all the plants in their wide range of environments 
show practically the same mean net assimilation rate during the vegetative 
phase, although the nature of the data precludes the satisfactory application 
of statistical analysis. 

This conclusion is strengthened by unpublished data for a bulbous peren- 
nial, Scilla nutans, obtained by G. E. Blackman. The mean net assimilation 
rate for flowering bulbs growing in full daylight, calculated for the period 
April 5, 1938 to April 29, 1938, i.e. from leaf expansion up to anthesis, was 
0-615 gm. per square dm. per week. The mean day length for the period 
was fourteen hours. 


DISCUSSION 


It is clearly of the greatest importance for ecology to evaluate the assimila- 
tion rates of the various plants constituting a natural association. ‘The method 
of estimating net assimilation rate was described and the theoretical importance 
of this measure was explicitly stated by Gregory (1917) in the following terms: 
‘This method gives us a ready means of obtaining the average rate of assimila- 
tion over long periods of time and at different seasons of the year.’ The 
appropriate methods of growth analysis were formulated by Briggs, Kidd, and 
West (1920) and applied to Kreusler’s data for maize, and the same methods 
have been used by Gregory (1921, 1926, 1928) in the study of growth of 
cucumber and barley. Among the derived growth data used was an estimate 
of carbon assimilation (unit leaf rate, net assimilation rate). In spite of this 
fact, however, singularly little use has -been made of the methods of growth 
analysis for the solution of ecological problems. In America, for instance, a 

1 This calculation neglects losses due to respiration during the night. 
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Mean Net Assimilation Rates during Vegetative Phase—gm. |dm.? week 


Mean day 
length Net 
Plant. Place. Year. Dates. (approx.). assimilation. Source. 
Barley - Rothamsted 1921 10/5-28/6 164 0-559 Gregory 
Ae : Be 1922A 17/5-5/7 164 0°658 Pr 
. : 1922B 22/5—-10/7 164 0642 55 
» » 1923 7/5-25/6 164 0-418 ” 
r 9 1924 23/4-18/6 156 0452 » 
” C ” 1921-4 May-June 16} 0°546 ” 
Cotton Barberton, 1933-4 20/11~-15/1 13% 0567 Heath 
(tops) S. Africa 
” ” 1934-5 17/12-11/2 132 0:418 ” 
(0°521) 
Cotton Gezira, 1928 =: 8 /r0-18/11 11% 0685 Crowther 
(tops) Sudan 
Italian Rye Rothamsted 1929  17/6-29/7 164 0°323 ~=Richards 
grass 
Cocksfoot r 1929 =: 17/6-29/7 16$ 0°242 , 
grass 
Rough- - 1929 = -1/7-29/7 16} 0°403 
stalked 
meadow 
grass 
Sinapis Bonn, 1885? 19/5—-23/6 16 0506 => Hornberger 
alba Germany 
Mangolds Rothamsted 1934 26/6-2/10 143 0-514 Watson and 
(I-III Baptiste 
sowings) 
(IV-VI a Bs 10/7-2/10 144 0688 a 
sowings) 
Sugar beet . ., 26/6—2/10 14% 0-643 - 
(I-III 
sowings) 
(IV-VI ” ” 10/7-2/10 14} 0°720 ” 
sowings) 
Cucumber Cheshunt 1916 = 10/11-9/12 84 0125 Gregory 
(glass) 
3 Pe 1917 =. 21/2-22/3 11} 0°338 * 
” ” 1917 11/6-10/7 163 O°413 ” 
Tomato . - 1932 22/8 and 31/8 14 0614 ~—Bolas 
” : 9 = 19/9 and 21/9 124 0:468 _ 
=n ; ms cs 7/10, 13/10, 103 0-421 A 


and 14/10 


very large body of data has been accumulated in the endeavour to utilize the 
growth of standard plants as phytometers for the evaluation of the total effect 
of the climatic environment (Clements and Goldsmith, 1924; Clements, 
Weaver, and Hanson, 1929; Clements and Long, 1934, 1935). An examination 
of these data by the present authors showed that much of the information 
which might have been gained from these experiments was not forthcoming 
owing, presumably, to a lack of appreciation of the possibilities of growth 
analysis. 

Again, on the Continent, the study of “Trockensubstanzproduktion’ 
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initiated by Boysen-Jensen (1918) has been confined to an estimation of per- 
centage increment in dry weight of the plant per day either by direct estimation, 
using a discontinuous compound interest formula, or by calculation from 
estimations of CO, uptake of detached leaves combined with respiration rates 
of detached leaves, stems, and roots (Miiller 1932). The limitations of such 
methods in comparison with the methods of growth analysis considered above 
should be sufficiently patent. Indeed, it is questionable whether such ‘Sub- 
stanzquotienten’ give any satisfactory estimations of dry weight accumulation 
which can be used in ecological studies, and this for two reasons. The first is 
that the dry weight increment of plants is dependent on two factors (a) net 
assimilation rate or unit leaf rate and (b) the rate of growth of the leaf surface. 
The ‘Substanzquotient’ entirely neglects the second aspect of dry weight 
increase. The data presented in this paper are of primary interest in showing 
that net assimilation rate in the most diverse types of plant under very various 
conditions approximates to a constant mean value; of this later. Clearly, 
therefore, the main determining factor leading to very great differences in dry 
weight accumulation in different types of plants is the rate of extension of the 
leaf surface, in which is included both the size of individual leaves and the 
rate of production of new leaves. Even within a single species consideration 
of this aspect of dry weight accumulation is of the greatest importance. Thus 
as Gregory (1926) has shown the greater dry weight accumulation in the barley 
plant following on nitrogen manuring is due solely to the increase in the leaf 
surface thus induced and not to a change in net assimilation rate (see Table 
p- 828). That this factor of nitrogen supply is equally important in general 
ecological studies is manifest. 

The second objection is that the estimation of assimilation rate by CO, up- 
take always involves enclosing the leaf within a chamber and maintaining a 
supply of CO, by passing a current of air over the leaf. Some of the difficulties 
involved in this procedure have been stressed by Boysen-Jensen (1928) who 
suggested new methods to circumvent them. Even so, the supply of CO, 
cannot be directly compared with that under natural conditions, and therefore 
estimations of assimilation thus obtained can be utilized only with circum- 
spection. The point here to be emphasized, as Gregory (1937) has stressed, 
is that the methods of growth analysis supply estimates of net assimilation 
rate which are superior to those obtained by any other method, for the estima- 
tion of net gain of carbon under natural conditions. 

Reviewing as a whole the data presented in the table it appears that the mean 
net assimilation rate in nature is no very variable quantity. Thus, comparing 
the mean value for barley over four seasons with the average rate for all other 
species, the values obtained in the two cases are 0-546 and 0°552 respectively. 
It would appear therefore that, on the average, despite variations in leaf 
structure in the plants investigated the net amount of CO, utilized per unit area 
is everywhere the same. ‘The variations encountered among the different types 
of plants might, in the absence of further knowledge, be ascribed to such 
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variation in leaf structure, but the results for barley clearly show that such an 
explanation is not tenable, for the data here refer to the same plant. The 
variation in net assimilation rate within this species ranges from 0-418 to 
0-658, whereas among the other species the extremes are 0-413 and 0-720, 
which is scarcely greater. Furthermore, among the barley series are included 
two in which the nitrogen supply was deliberately varied fourfold, thus result- 
ing in leaves of very different morphological structure and chlorophyll content 
without, however, any difference in net assimilation rate. It does not therefore 
appear that leaf structure is necessarily a determining factor. 

The variations in net assimilation rate in the barley experiments have been 
shown to be highly correlated with intensity of the external factors of light 
and day temperature, both of which control, to an almost equal extent, rate 
of assimilation. Since in nature these factors are highly correlated they may 
for the purpose of this discussion be considered together. Evidence may be 
brought forward to show that increase in CO, supply also leads to increase in 
assimilation in the case of barley, and this is well known to be the case in other 
species also grown under natural conditions (Bornemann, 1923; Lundegardh 
1924). It appears, therefore, that the constant value of net assimilation rate is 
not due to the fact that any one of the external factors is completely limiting 
the process, nor from the range of plants considered would it appear probable 
that internal factors are in all cases the same. This greatly limits the possible 
explanations of the results here presented. It is most unlikely that the results 
are purely due to chance. As stated above, the fact which emerges is that in 
all species and environments the same net amount of CO, is utilized per 
unit area. For such a result to obtain there must exist some measure of 
compensation for the effects of variations in leaf structure as between the 
different species and in day length and light intensity as between the different 
environments. 

As far as different species growing in approximately the same environment 
are concerned (barley, mangolds, and sugar beet at Rothamsted), it seems 
profitless, in the absence of experimental evidence, to suggest what the mecha- 
nism of the compensation for differences in leaf structure might be. The 
same obtains with regard to the barley grown with high and low nitrogen 
(Gregory, 1926 and 19224 and 19228 of table) in which marked differences in 
leaf structure and chlorophyll content occurred. © 

The observed effects of light intensity and CO, supply upon a single species 
in a single environment (barley at Rothamsted) would be accounted for if, 
with the usual CO, content of the air, CO, supply were limiting net assimila- 
tion rate at or near the highest observed value (say about 1-2 gm. per square 
dm. per week). This would give a fairly high correlation with light intensity 
for net assimilation rates up to that value, although the curve would not be 
really linear. Also, as most values would be fairly near to the CO, limited 
value. of net assimilation, increasing CO, would increase net assimilation. 
Considering now a shorter day, such as that in the Sudan or South Africa, 
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a lower mean net assimilation rate might be expected. But the shorter day 
could be compensated for by (a) higher mean light intensity or (b) by 
differences in leaf structure such as more stomata per unit area, &c. With 
regard to (a) it is noteworthy that Shirley (1935) states that during the 
growing season the amount of light received in twenty-four hours is similar 
in the tropics, the temperate regions, and the arctic regions. A possible 
explanation therefore of the remarkable similarity of net assimilation rates 
in Europe and Africa may be that the total quantity of light received is the 
limiting factor in all cases. The results of Bolas et alia (1938) for tomatoes 
grown under glass appear to refute, however, the suggestion of such 
invariable light limitation, for here low light intensity coupled with a short 
day has ‘given net assimilation rates as high as those obtained for outdoor 
plants. It must be admitted that these results as here presented are over- 
estimated to an unknown extent, owing to the fact, already stated, that in 
conversion to a weekly basis losses due to respiration during the night periods 
have been neglected. Nevertheless, it appears most improbable that in Africa 
total light is limiting, and it seems more likely that there exists some other 
form of compensation whereby the plants are adapted to produce in all 
environments approximately the same quantity of dry matter per unit leaf-— 
area. The factor that seems most likely to be near a limiting value in al/ natural 
environments is the quantity of CO, which in unit time can diffuse into the 
leaf and thence into the actual assimilating cells. Various modifications of 
leaf structure, such as differences in number of stomata per unit area or altera- 
tions in resistance of the cells to diffusion of CO,, might act as compensating 
factors for different day lengths so that in the shorter days more CO, reached 
the chloroplasts in unit time. 

Whatever the mechanism responsible, it is a very remarkable fact which 
needs further investigation that plants as different as are barley, mangolds, 
cotton, and tomato, and in such diverse environments as out of doors in 
England and in Africa and under glass in England should all have the same 
mean net assimilation rate during their vegetative phase. ‘That this should be 
so is indicative of the fundamental significance of the net assimilation rate. 
This is obviously the only really satisfactory measure of assimilation from an 
ecological point of view since it integrates the gains due to assimilation and 
the losses due to respiration of the whole plant under the actual growing 
conditions and the result is obtained without interference with the normal 


functioning of the leaves. 
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Observations on the Response of Leaves of Limnanthemum 
and Tropaeolum to Light and Gravity 


BY 
W. NEILSON JONES 


With three Figures in the Text 


HE leaves of plants, as is well known, usually respond to unilateral 

illumination by a growth curvature of the petiole such as to bring the 
upper surface of the lamina perpendicular to and facing the light. Leaves are 
also sensitive to the stimulus of gravity, the position of equilibrium being 
usually with the lamina horizontal. When a leaf is subjected to the combined 
stimuli of light and gravity the position assumed finally is a compromise 
between the effects of these two—and any other—orientating stimuli. 

The following observations record an attempt to evaluate the relative 
importance of light and gravity in the orientation of detached leaves of 
Limnanthemum peltatum and Tropaeolum majus. 

It may be mentioned that attention was directed to these reactions by the 
curvatures sometimes shown by the petioles of leaves of Limnanthemum 
floating in a dish as part of a floral decoration. Such curvatures appeared to 
bear no relation to the direction of the incident light, but rather to whether 
the leaves had room in the dish in which they were floated to lie horizontally 
on the surface of the water. For study of the comparative behaviour of aerial 
leaves Tropaeolum was chosen, since this plant has leaves of somewhat 
similar form. 


Limnanthemum peltatum. 

Experiment 1. Detached leaves of Limnanthemum were floated in a tank 
which stood a little way from a window, the light striking the leaves at an 
angle of about 45° above the horizontal. The horizontally floating laminae 
were held in various positions with regard to the incident light by threading 
them on a cotton stretched across the tank at the level of the water surface. 
After 2} days’ illumination little change was noted in the positions in which 
the petioles were attached to the laminae, any slight changes being quite 
unrelated to the direction of the incident light. 

It would appear, therefore, that curvature of the petioles is not induced to 
any appreciable extent by unilateral illumination of the lamina, and that 
consequently light has little if any orientating effect on these leaves. 

Experiment 2. In another series of experiments a sheet of cork faced with 
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filter-paper was fixed approximately vertical in a glass tank. Water was poured 
into the tank to form a shallow layer at the bottom, the lower edge of the 
cork sheet dipping into the water; the top of the tank was covered with a 
sheet of glass. A hole was bored in the cork sheet through which was passed 
the petiole of a leaf, the under surface of the leaf being in contact with the 
wet filter-paper. This arrangement was found to maintain the leaf in a fully 
turgid condition with the lamina in a vertical plane and the petiole free to 
- move. The tank was then placed in a dark room in which the only source of 
light was from a lamp below the level of the tank, the rays of light from this 
lamp impinging on the upper surface of the leaf at an angle of about 45° 
below the horizontal. 

If the curvature of the petiole is controlled chiefly by light, a downward 
curvature of the petiole is to be expected, such as would bring the lamina to 
face the light were the base of the petiole fixed and the lamina free to move; 
if gravity is the more effective stimulus, the petiole would curve upwards 
thus bringing the lamina, under natural conditions, into a horizontal position. 

The results obtained in the case of three leaves in such an experiment are 
shown graphically in Fig. 1, which represents tracings of actual leaves during 
the course of an experiment. Evidently the leaf of Limnanthemum is ex- 
tremely sensitive to gravity, a marked curvature being apparent after three 
hours. As in the former experiment, no evidence of any light stimulus is 
apparent. 

Experiment 3. In a further experiment, instead of being in a saturated 
atmosphere, leaves were totally submerged in water with the laminae held 
vertically. Here also it was found that in whatever way the laminae were 
orientated in a vertical plane—with the tips of the leaves upwards, to the side, 
or pointing downwards—the petioles reacted by curving upwards. 

From these results it appears that in Limnanthemum the reaction of the 
petioles is controlled, mainly at least, by gravity. 


Tropaeolum majus. 


Parallel experiments to those performed with L. peltatum leaves were carried 
out with detached leaves of T. majus and gave the following results. 

Experiment 4. Leaves were floated in a tank and illuminated by light 
incident at 45° above the horizontal as in experiment 1. At the end of 24 
days, whatever the position of the horizontal laminae in relation to the 
incident light, all the petioles had bent strongly towards the light, the curva- 
ture being in some cases more than 360°. Tracings from representative leaves 
in this experiment are shown in Fig. 2. 

When the tip of the leaf is towards the source of light a simple bending 
occurs; when the side or base of the leaf is towards the light the movement 
appears to be more complicated and to involve a twisting of the petiole, 
causing it to move in a widely sweeping lateral curve to attain the final 
position. 
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Thus T. majus, unlike L. peltatum, shows a marked sensitivity to the direc- 
tion of the incident light, when, as under the above conditions with leaf 
lamina horizontal, the stimulus due to gravity is at a minimum. 
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Fic. 1. Three representative leaves of Limnanthemum peltatum from experiment 2: laminae 
held in a vertical plane, light incident 45° below the horizontal. The rapid curvature of the 
petioles upwards indicates a high geotropic sensitivity ; there is no indication of phototropic 
sensitivity. 


Experiment 5. The reaction of the petiole under oblique illumination of the 
lamina was also investigated in leaves on a horizontal klinostat. A piece of 
rubber sheet was stretched and tied over the mouth of a broad glass bottle 
filled with water. A hole was made in the rubber sheet with a needle; by 
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stretching the rubber it was possible to insert the petiole of the experimental 
leaf so that the lamina of the leaf was close against the rubber and the petiole 
entirely within the bottle. The bottle, with its leaf, was fixed to a horizontal 
klinostat with the lamina in a vertical plane. During its rotation the klinostat 
carried round an electric bulb which provided a source of illumination and 
which retained the same relative position in respect to the leaf. Thus, any 
resulting curvatures of the petiole could be ascribed to the effect of the 
unilateral illumination. 

The result of such experiments was that the petioles curved towards the 
source of light. 

Experiment 6. 'To determine the effect of gravity on the orientation of the 
leaves, detached leaves were set up in damp air in a glass tank as in experiment 
2, but in complete darkness. Such experiments showed that whatever the 
orientation of the lamina in a vertical plane, an upward geotropic curvature 
of the petiole occurs in the course of a few hours. 

_ Experiment 7. Experiments were set up similar to the foregoing with the 
laminae in a vertical plane, except that the leaves were illuminated by light 
incident at 45° below the horizontal, an exact parallel to experiment 2 with 
L. peltatum. 

In the course of twenty-four hours there was in most cases a definitely 
upward curvature of the petioles, but much less pronounced than in com- 
plete darkness (experiment 6). In one instance a downward curvature 
occurred. 

It may be concluded, therefore, that in T. majus curvature of the petiole 
has relation to the direction of incident light and also to the stimulus of 
gravity; and that when the stimuli of light and gravity are antagonistic to 
one another the position assumed is a resultant between the effects produced 
by each of them. 


LOCALIZATION OF THE GRAVITY-SENSORY REGION 


Experiment 8. Leaves of L. peltatum, from which the laminae had been 
almost completely removed, were set up in a damp chamber as in experiment 
2, together with control leaves with the laminae intact, and placed in the 
dark. After twenty-four hours the petioles of leaves that had had the laminae 
removed showed no change of position, in contrast with those of control 
leaves which were all pointing vertically upwards. Evidently, removal of the 
lamina largely destroys the capacity of a leaf to respond to geotropic stimulus 
by curvature of the petiole. 

Experiments with Tropaeolum similar to the foregoing gave like results. 


LOCALIZATION OF THE LIGHT-SENSORY REGION 


Experiment 9. Tropaeolum leaves were floated on water, with the incident 
light falling on them at an angle of 45° above the horizontal, as in experiment r. 
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In some of these leaves the laminae were almost entirely removed, in some 
half removed, and in others left intact. The reactions obtained in these three 
cases were: (1) a marked curvature of the petioles towards the incident light 
in the controls with intact laminae; (2) an equally marked curvature in those 
in which only half of the lamina was present; (3) no appreciable curvature in 
those with the laminae completely removed. It may be concluded that the 
sensory region of the leaf in respect to light is located in the lamina, and that 
illumination of only half of this organ is sufficient to produce curvature of 
the petiole such as would orientate the lamina perpendicularly to the source 
of light under natural conditions. 

Experiment 10. Limnanthemum and Tropaeolum leaves were chosen, 
having the laminae set obliquely to the petioles. The lower ends of the 
petioles were fixed to the bottom of museum jars full of water in such a way 
that each of the laminae was at an angle of 45° to a source of light in front of 
the jars. 

The reactions occurring in the course of eighteen hours in two representa- 
tive examples are shown in Fig. 3. In the case of Limnanthemum, the 
curvature of the petiole has turned the lamina into a position more nearly 
horizontal, but there has been no twist about a vertical axis to bring the 
lamina perpendicular to the incident light. In Tropaeolum the petiole has 
bent so as to bring the lamina into a more nearly vertical position and per- 
pendicular to the incident light, the latter relation being assisted by a twisting 
of the petiole about a vertical axis. In Limnanthemum orientation of the 
lamina appears to be controlled solely by gravity; in Tropaeolum mainly by 
the direction of the incident light. 

The final conclusions to be drawn from these experiments as a whole are 
that in the case of L. peltatum the lamina is highly sensitive to the stimulus 
of gravity, the reaction being such as to bring the lamina into a horizontal 
position by means of appropriate curvatures of the petiole. Light has little, 
if any, effect in orientating the leaf. In the case of Tropaeolum, the lamina is 
likewise sensitive to the stimulus of gravity, but is also sensitive to the direc- 
tion of the incident light. The position assumed by the leaf, and determined 
by bending and twisting of the petiole, is a resultant between the geotropic 
and phototropic stimuli, the latter being the more effective. 

It is presumed that the failure to respond to a phototropic stimulus charac- 
teristic of L. peltatum is a common feature of the floating leaves of water 
plants; it is certainly true for Nymphaea alba, which has been used for a 
series of experiments parallel to those described above. On biological grounds 
the advantage of this characteristic is obvious: floating leaves which responded 
to oblique illumination could only do so by raising one side of the leaf out 
of the water or by submerging one side, either of which would be unsatis- 
factory in view of the structure of these leaves, control of the transpiration 
rate being lost in the first case and gaseous exchange being interfered with 
in the second. 
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Fic. 3. Totally immersed leaves of Limnanthemum peltatum and Tropaeolum majus: base 
f petiole fixed to bottom of jar; lateral illumination (experiment 10). In the former there is 
nainly a geotropic reaction, the lamina becoming nearly horizontal; in the latter there is 
aainly a phototropic reaction and the lamina turns towards the vertical plane perpendicular 
o the incident light. 


SUMMARY 


Experiments are recorded which indicate that leaves of both Limnanthemum 
eltatum and Tropaeolum majus tend to orientate their laminae in relation to 
ravity by curvatures of the petioles in such a way as to bring the laminae 
ato a horizontal plane. The leaves of 7. majus are in addition sensitive to 
nilateral illumination, those of L. peltatum are not. On biological grounds 
iis reaction to light may be expected as a general difference between aerial 
od floating leaves. 
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A Comparative Physiological Study of Sugar-beet and 
Mangold with respect to Growth and Sugar Accumulation 


II. Changes in Sugar Content 
BY 


D. J. WATSON 
AND 
I. W. SELMAN 


(From Rothamsted Experimental Station, Harpenden, and Research Institute of Plant 
Physiology, Imperial College of Science and Technology, London) 


With ten Figures in the Text 


INTRODUCTION 


N account has been given in a previous paper (Watson and Baptiste, 1938) 

of the changes observed in dry weight and water content of leaf, petiole, 

and root, in leaf number and in leaf area, during the growth of sugar-beet 

and mangold sown on six successive dates in 1934. In the course of this work, 

samples were taken for estimation of the sugar content of all parts of the 
plants, and the results obtained form the subject of the present paper. 

Knowles, Watkin, and Hendry (1934) have followed the changes in sucrose 
and reducing-sugar content of leaves and roots during the growth of sugar- 
beet, but they did not separate leaf lamina and petiole. Their work was 
mainly concerned with changes in the constituents of the ash. They found 
that the sucrose content of the leaf varied rather irregularly between 2-0 per 
cent. and 4-9 per cent. of the dry matter and concluded that it ‘maintained 
a steady level throughout’. The reducing sugar content increased steadily 
from 1 per cent. in May to 11 per cent. in September. In the root, the 
sucrose content increased rapidly from 7 per cent. at the end of May to 
33 per cent. at the end of June, then at a decreasing rate to 70 per cent. in 
August, and later there was evidence of a fall to 67 per cent. in September. 
The reducing sugar content of the root rose from 2:5 per cent. at the end of 
May to a maximum of 3-3 per cent. in July, subsequently falling slowly to 
1-2 per cent. at the end of September. 

Earlier work on the sugar content of the leaf is summarized by Davis, 
Daish, and Sawyer (1916), in their paper on diurnal changes. Much of it is 
untrustworthy because of inaccurate methods of estimation and inadequate 
sampling, and it includes no detailed study of ontogenetic changes. Wagner 
(1932) determined the sucrose content of the root at successive stages. His 

[Annals of Botany, N.S. Vol. II, No. 8, October 1938.) 


828 Watson and Selman—Comparative Study of 


results are somewhat erratic, but show an increase from 39 per cent. at the 
end of June to a maximum of 69 per cent. in August followed by a fall to 
61 per cent. in October. The results of investigations on the sucrose content 
of the root expressed as per cent. of fresh weight, made with the object of 
determining the time of optimum sugar yield, are summarized by Roemer 
(1927). They show that the highest sucrose content may occur at any time 
from the end of September to November, and high July temperatures appar- 
ently induce an early maximum. 
Onslow (1931) has pointed out that it is desirable to express sugar contents 
as concentrations, that is, to express them on the basis of the water content 
of the tissue, as well as on the more usual dry-matter basis, for it is presum- 
ably the concentration of sugar which determines its physiological activity. 
This seemed particularly important in the present work, where sugar-beet 
and mangold are compared, for the water content of the two plants differs 
widely. Accordingly, the results have been expressed both as g. sugar per 
100 g. dry matter, and per 100 g. water. 


ARRANGEMENT OF PLoTS AND METHODS OF SAMPLING 


A full description of the arrangement of plots and of the sampling pro- 
cedure has already been given. The experiment consisted of six blocks sown 
at intervals of a fortnight, one at each sowing date beginning on April 9, 1934. 
Each block consisted of two plots, one sown with sugar-beet, variety Klein- 
wanzleben E, and the other with mangold, variety Garton’s Yellow Globe. 
The dates of sowing were I. April g, II. April 23, III. May 7, IV. May 21, 
V. June 4, and VI. June 18. 

At intervals of a fortnight from thinning, samples were taken from each 
plot. With the exception of those taken immediately before thinning, each 
sample consisted of twenty plants. At each sampling time the sampling was 
spread over two days, the first three sowings being sampled on the first day, 
and the last three sowings on the second day. The order of sampling the 
three sowings on anyday was determined at random. The first was sampled 
at about 10 a.m., the second at 12.30 p.m., and the third at 4 p.m. Part of 
the variation between sowings on any sampling occasion was, therefore, 
attributable to diurnal variation, and an attempt has been made to evaluate 
the magnitude of this. 

Sub-samples consisting of about roo g. fresh weight of leaf lamina, 
petiole, and root were taken from each sample of twenty plants. The petiole 
samples also included some stem tissue, for the separation of petiole and root 
was made by cutting off the top of the plant at the level of the lowest leaf. 
The stem tissue formed a greater proportion of the petiole fraction in sugar- 
beet than in mangold. 

Sugar estimations were made on every sampling occasion up to time 8 
except that, at time 7, sub-samples for the first sowing of sugar-beet and of 
mangold were accidentally omitted. After time 8, samples for analysis were 
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taken at monthly intervals on every second sampling occasion, but for the 
last three sowings analyses were also made for sampling time 9. The samples 
were taken less frequently in the later stages of growth, because it seemed 
probable that the sugar content of the plant would then be changing slowly. 
The samples of petiole of sowing VI of sugar-beet and mangold for sampling 
time 10 were accidentally mixed after extraction, so that no analyses were 
possible. 


ANALYTICAL PROCEDURE 
(a) Extraction. 

The samples of petiole and root were cut up as rapidly as possible. The 
leaf lamina samples obtained by punching were found to be already sufficiently 
divided. Each sample was dropped into 500 ml. boiling 95 per cent. alcohol, 
and the boiling was continued under a reflux condenser for at least half an 
hour. The sample and extract were allowed to cool, and were then trans- 
ferred to a quart bottle in which they were stored. 

The insoluble material was filtered off on stainless steel wire gauze, well 
washed with 95 per cent. alcohol, dried in an electric oven at 100° C. and 
ground as finely as possible by hand in a covered mortar. The powder was 
transferred to a thimble, and extracted in a Soxhlet extractor for 8 hours, 
using about 300 ml. of the alcohol from the preliminary extraction. Fresh 
alcohol was not used, as it was essential to keep the total volume of extract 
at a minimum. Two or three fine glass capillaries were put into the alcohol 
to ensure smooth boiling, and the boiling flasks were immersed to the neck 
in a water-bath heated to go-95° C., so as to give as uniform heating as 
possible. 

After the Soxhlet extraction, the thimbles and contents were dried at 
100° C., and the insoluble residue was weighed. The extract, including the 
residue from the preliminary extraction, was made up to 750 ml. with 95 per 
cent. alcohol. A 25-ml. aliquot was taken and the soluble material in this was 
weighed after drying at 100°C. The total dry weight of the sample was 
obtained by adding the weight of alcohol soluble material in the whole extract 
to the weight of insoluble material. 

250 ml. of the extract were taken and evaporated under reduced pressure 
at 30-35° C. until all trace of alcohol was removed. The residue was taken 
up in water, and made up to 200 ml. Gummy material insoluble in water 
was removed by filtering through a small cotton-wool plug in the neck of a 
funnel. The aqueous solution was kept in a stoppered flask under a layer of 
toluene, and portions of it, suitably diluted, were used for the sugar estima- 
tions. 


(6) Sugar estimations. 

The sugars in the aqueous extract were estimated by means of the Harding 
and Downs copper reduction method as modified by Vanderplank (1936). 
‘The unclarified extract was used, and non-sugar reducing substances present 
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were estimated after fermentation with baker’s yeast. ‘Three estimations were 
made on each extract: (1) reduction before inversion; (2) reduction after 
inversion with invertase; (3) reduction after fermentation. The difference 
between (1) and (3) gave the reducing sugar content, and that between (2) 
and (1) the sucrose content. Glucose and fructose were not estimated separ- 
ately. As fructose gives a slightly lower reduction with the Harding and 
Downs reagent than glucose, calibration data for invert sugar were used in 
calculating sugar content from the reduction values in ml. 0-01N thiosulphate. 
Thus the results are all expressed as g. invert sugar per 100 g. dry matter or 
per 100 g. water. 

The procedure for inversion and fermentation was similar to that used by 
Vanderplank. 10 ml. of diluted extract containing approximately 20 mg. total 
sugar were incubated at 35° C. with 2 ml. of a 0-2 per cent. solution of inver- 
tase for 2-3 days, with toluene as a disinfectant. The solution was then made 
up to 50 ml. and the sugars estimated. 

The fermentation was carried out in 50 ml. centrifuge tubes. 1 g. of 
washed yeast suspended in water was centrifuged, the supernatant water was 
poured away, and the sides of the tube well dried with filter paper. 20 ml. 
of extract diluted to contain not more than 10 mg. total sugar and free of 
toluene was pipetted into the tube, well stirred to disperse the yeast, and 
placed in an incubator at 35° C. for two hours, with occasional shaking to 
keep the yeast dispersed. The yeast was then spun down and the non- 
fermentable residual reduction was estimated. Blank estimations with dis- 
tilled water instead of the plant extract were made for both inversion and 
fermentation, as both invertase and yeast gave a small reduction. 


RESULTS 
1. Statistical analysis. 


The method of statistical analysis was the same as that already described 
for the dry weight and water-content data. For ease of computation the data 
for sampling times previous to time 5, and for sampling time 9 were omitted, 
because these did not include all sowings. The missing value for sowing I 
of sugar-beet and mangold at sampling time 7, and for the petiole of sowing VI 
at sampling time 10, were computed by the method given by Yates ( 1933). 

Linear regressions on sowing date were fitted to the results for each samp- 
ling time, so that the sowings were compared at the same calendar dates. The 
alternative method of comparison, at equivalent times measured from sowing 
date, could not conveniently be made, because of the omission of sugar deter- 
minations for sampling times 9, 11, and 13. There was no indication in any 
of the data of curvature in the relation to sowing date, and accordingly it was 
considered unnecessary to fit second order terms in the regression. 

The primary data are too bulky to be published in full, and all the informa- 
tion derived from them relevant to time changes and the effect of sowing date 
are presented in Figs. 1-8, in which the mean sugar content for the six sowing 
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dates of sugar-beet and of mangold, and the linear regression coefficients on 
sowing date are plotted against time. The magnitude of significant differ- 
ences is shown by small vertical lines at the right-hand side of each graph. 


2. Reducing sugars. 


The mean reducing sugar content of all sowing dates, for all parts of the 
plants, calculated on the basis of dry weight, is plotted in Fig. 1, and on the 
water-content basis in Fig. 2. The effect of sowing date, estimated as a linear 
regression, is shown in Figs. 3 and 4. 

(a) Leaf lamina. 'The reducing sugar content of the leaf lamina was con- 
sistently greater in sugar-beet than in mangold. The difference was relatively 
greater on the water-content basis than on the dry-matter basis, particularly 
in the later stages of growth. 

The mean value for all sowings (Figs. 1 and 2) increased greatly with time. 
There is a suggestion that the increase was more rapid in the later stages, but 
this is mainly dependent on the low values at sampling time 10, apart from 
which the drift was almost linear. 

At first the effect of sowing date (Figs. 3 and 4) was small and not signifi- 
cant, but from sampling time 10 onwards the regression coefficients were 
positive and increased with age. There was no significant difference at any 
time between the coefficients for sugar-beet and mangold. At the end of the 
growth period, the effect of later sowing in increasing the reducing sugar 
content was very considerable. In sugar-beet, at sampling time 14, the increase 
per week of later sowing was 0°55 g. per 100 g. dry matter, or about 5 per 
cent. of the mean value, 11-4, so that for the maximum range of ten weeks 
between sowings I and VI the increase amounted to approximately 50 per 
cent. of the mean. \ 

The changes with time in mean reducing sugar content and in the effect 
of sowing date were very similar whether the results are expressed on the 
basis of dry matter or of water content. 

(b) Petiole. The mean reducing sugar content of the petiole (Figs. 1 and 2) 
was greater than that of the lamina, except on the water-content basis for the 
mangold at times 12 and 14. It was much higher in sugar-beet than in man- 
gold, and the difference was relatively greater on the water-content basis, 
owing to the lower water content of the sugar-beet petioles. 

The reducing sugar content of the petiole increased with time, but the 
change was proportionately smaller than in the lamina. In mangold the 
increase was almost linear, but in sugar-beet, particularly on the basis of dry 
weight, the rate of increase was less in the later stages of growth and there 
was actually a slight, but not significant, fall between times 12 and 14. 

The effect of sowing date varied widely with sampling time. The linear 
regression coefficient on sowing date (Figs. 3 and 4) increased rapidly from 
large negative values in the early samplings through zero to positive values, 
and later there was some evidence of a fall, particularly in mangold. The 


\ 
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depression of reducing sugar content by later sowing in the early stages of 
growth was greater in sugar-beet than in mangold, but the change to a positive 
effect was more prolonged so that in the later stages the effect of sowing date 
was almost the same for sugar-beet and mangold. 

Expressing the reducing sugar content on the basis of water content 
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Fics. 1 and 2. Fig. 1. Change with time of reducing sugars expressed as gm./100 gm. 
dry matter, mean of all sowings. Black circles, sugar-beet; open circles, mangold. Short 
vertical lines represent significant differences for petiole and lamina in both sugar-beet and 
mangold. In the lower figure separate values are given for the two plants. Fig. 2. Change 
with time of reducing sugars expressed as gm./100 gm. water, mean of all sowings. Black 
circles, sugar-beet; open circles, mangold. Short vertical lines represent significant differ- 
ences for petiole and lamina in both sugar-beet and mangold. In the upper figure separate 
values are given for the two plants. 


emphasized the difference between mangold and sugar-beet. The regression 
coefficient on sowing date continued. to have negative values for a longer 
period, especially in sugar-beet, and the positive values attained at the end 
of the growth period were relatively smaller than when the dry-weight basis 
was used. 

(c) Root. The reducing sugar content of the root of mangold was higher 
than that of sugar-beet, but it was low in both plants. In sugar-beet its 
highest value for the mean of all sowings (Fig. 1) was 0-5 per cent. of the dry 
weight, as compared with 20 per cent. in the petiole and 11 per cent. in the 
leaf lamina. On the basis of water content (Fig. 2), the difference between 
sugar-beet and mangold was smaller but still significant. The variation of 
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mean reducing sugar content with time was somewhat irregular, but there 
was clearly an increase in the later Stages of growth. It was small both in 
absolute magnitude and relative to the mean value, compared with the corre- 
sponding increases in lamina and petiole. 

The regression coefficients on sowing date (Figs. 3 and 4) did not differ 
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Fics. 3 and 4. Fig. 3. Linear regression coefficients on sowing date for reducing sugars 
expressed as gm./100 gm. dry matter. Black circles, sugar-beet; open circles, mangold. 
Short vertical lines represent significant differences. Fig. 4. Linear regression coefficients 
on sowing date for reducing sugars expressed as gm./100 gm. water. Black circles, sugar-beet; 
open circles, mangold. Short vertical lines represent significant differences. 


for sugar-beet and mangold and the variation with time was irregular and not 
significant. The mean regression coefficients of all sampling times were 
negative, significantly so when the sugar content was calculated on the water- 
content basis. Thus the only clear effect of later sowing on the reducing 
sugar content of the root was that on the average of all sampling times later 
sowing caused a small depression. 


3. Sucrose. 

Fig. 5 shows the variation with time in the mean sucrose content of all 
sowings for all parts of the plant of sugar-beet and mangold, calculated on 
the basis of dry weight, and Fig. 6 the corresponding changes on a water- 
content basis. The linear regression coefficients of sucrose content on sowing 


date are plotted in Figs. 7 and 8. 
(a) Leaf lamina. The mean sucrose content of all sowings expressed as 
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per cent. of dry matter (Fig. 5) was almost the same for sugar-beet and 
mangold, but on the water-content basis (Fig. 6) it was always slightly greater 
in sugar-beet. It increased steadily until sampling time 12, but there was a 
sharp fall at sampling time 14. The increase with time was not so great as 
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Fics. 5 and 6. Fig. 5. Change of sucrose content with time expressed as gm./100 gm. dry 
matter. Black and open circles and vertical lines as in earlier figures. Fig. 6. Change of 
sucrose content with time expressed as gm./100 gm. water. Black and open circles and 
vertical lines as in earlier figures. 


that found for the reducing sugar content, so that although sucrose and 
reducing sugar were present in roughly equal amounts at sampling time 5, 
in the later stages of growth reducing sugar greatly exceeded sucrose. 

The linear regression coefficients on sowing date (Figs. 7 and 8) showed 
a drift with time from negative to positive values similar to that found for 
reducing sugars. The positive values finally attained were smaller, both abso- 
lutely and relative to the mean sugar content, than those of reducing sugars. 
Although the difference between the coefficients for sugar-beet and mangold 
was never significant, the values for sugar-beet always lay below those for 
mangold, that is to say, the depression with later sowing in the early stages 
was greater, and the increase in the later stages smaller, than in mangold. On 
the water-content basis, the regression coefficient for sugar-beet did not in 
fact rise above zero. 

(b) Petiole. The mean sucrose content of the petiole (Figs. 5 and 6) was 
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higher than that of the lamina, except for mangold at sampling time ro. It 
was greater in sugar-beet than in mangold, and because of the higher petiole 
water content of mangold the difference was greater when the results were 
expressed on the water-content basis. 

In sugar-beet, the sucrose content increased with time, and the rate of 


PETIOLE 


LAMINA 


G. PER 100 G. DRY MATTER PER WEEK 


0: LAMINA on. 


SO eS ae OO 


JUL” AUG. SEF uae Gil: Nov TUL. AUG. SEPT. ocT. NOV. 
SAMPLING TIME SAMPLING TIME 
Fie. 7. Fie. 8. 


Fics. 7 and 8. Fig. 7. Linear regression coeff cients on sowing date for sucrose expressed 
as gm./100 gm. dry matter. Black and open circles and vertical lines as in earlier figures. 
Fig. 8. Linear regression coefficients on sowing date for sucrose expressed as gm./100 gm. 
water. Black and open circles and vertical lines as in earlier figures. 


increase became less rapid with advancing age. In mangold there was a 
similar increase of sucrose content in the early stages, but a maximum was 
reached at sampling time 8, after which there was a sharp fall to time 12, 
followed by a rise in the last samples. 

The regression coefficients on sowing date (Figs. 7 and 8) were always 
negative, indicating a depression with later sowing. The depression was much 
greater in sugar-beet than in mangold. The variation of the regression 
coefficients with time was irregular, but there is some indication that the 
depression due to later sowing was greater in the middle of the growth period 
than at the beginning and end. 

(c) Root. The mean sucrose content of the root for all sowings (Figs. 5 
and 6) increased throughout the experimental period. The rate of increase 
declined with age, but the rise of sucrose content was still continuing at the 
last sampling time, although the difference between the values at times 12 
and 14 was not significant. In the very early stages of growth, immediately 
after thinning, the sucrose content increased very rapidly. This phase 1s 
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obscured by the use of the mean of all sowing dates to indicate the time 
changes. The sucrose content of the root at the time of thinning was variable: 
the different sowings were not thinned at exactly the same stage of develop- 
ment. ‘The lowest sucrose content recorded in the sugar-beet root was 13 
per cent. of the dry matter, and this increased to 30 per cent. a fortnight after 
thinning and to over 40 per cent. after four weeks. The corresponding figures 
in mangold were 4 per cent., 8 per cent., and 20 per cent. Thus even very 
young roots had a high sucrose content, and it is not possible to distinguish 
a phase of growth followed by a phase of storage of sucrose. The high sucrose 
content appears to be an inherent property of the organization of the root cells, 
rather than the result of a temporary accumulation of carbohydrate in excess 
of immediate requirements, which may be utilized in growth in the flowering 
year. This is supported by the observations of Wagner (1932) who found that 
only a small fraction, roughly one-third, of the sucrose in the root of sugar- 
beet was removed in the second year of growth, so that from the initial value 
of 65 per cent. in June, the sucrose content of the root fell in September to 
only 50 per cent. of the dry weight. 

The sucrose content of the root of sugar-beet always greatly exceeded that 
of mangold, and on the dry-weight basis, the means of all sowings showed 
an almost constant difference of 15 per cent. The difference was relatively 
much greater on the water-content basis, and it increased steadily with 
advancing age. 

The linear regression coefficients on sowing date (Figs. 7 and 8) were con- 
sistently negative, that is to say, the sucrose content of the root was always 
depressed by later sowing. The depression was very large in the early 
samplings, subsequently decreasing, at first rapidly and later more slowly, so 
that at the end of the growth period the regression coefficients assumed steady 
values. On the basis of dry weight, the regression coefficients were almost 
the same for sugar-beet and mangold, but on the basis of water content, those 
of sugar-beet had greater negative values. The change with time of the 
regression coefficients was more rapid on the dry-weight basis than on the 
water-content basis, and the steady value was attained earlier. 


4. Diurnal Variation of Sugar Content. 


‘The sugar-content data were examined for evidence of diurnal variation by 
the method previously used (Watson and Baptiste, 1938) for water content. 
A regression equation of the form 


(y—J) = b,(x,;—#,)+b,(%g—4,) 
was fitted to the results for each sampling time, where y is the sugar content, 
x, the time of sowing in weeks from the first sowing date, and x, the time of 
day of sampling, expressed as the order of sampling, representing the first 
sampling on any day as —1, the second as o, and the third as +1. The 
method is obviously not capable of detecting small changes because of the 
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high variability between plants. No significant differences in by, the regression 
coefficient on time of day, were found between sugar-beet and mangold or 
between sampling times, so that only the mean regressions for both crops and 
all sampling times need be considered. The mean regression coefficients are 
shown with their standard errors in Table I. The sowing date regression 
coefficients (b,) of the regression equations are omitted, as they differed little 
from the values obtained when the regression was fitted on sowing date alone. 


TABLE I 


Linear Regression Coefficients of Sugar Content on Time of Day of Sampling. 
(Mean of Sugar-beet and Mangold and of All Sampling Times) 


Lamina Petiole Root 
Sucrose ‘ : (Re 100 g. 0°309+0°085 0°310+0°303 —0146+0-663 
Reducing sugar dry matter. 0'234+0°172 0°240+0°392 —0-007+0:052 


When the sugar content was expressed as per cent. of dry matter, the 
regression coefficient for sucrose content of the lamina was the only one to 
reach the level of significance. In accordance with expectation it was positive, 
showing that the mean increase in sucrose content (20-309) between the 
first and last sampling of a day (10 a.m. to 4 p.m.) was about 21 per cent. 
of the mean sucrose content (2°95 g. per 100 g. dry matter). The regression 
coefficient for reducing sugar in the lamina slightly exceeded its standard 
error but was far from significance. It was not as great as the sucrose coefficient. 
Thus the data show an increase in the sucrose content of the lamina during 
the day, but no other clear effects. The remarkable similarity between the 
mean regression coefficients for lamina and petiole was possibly fortuitous, 
for no evidence of such a similarity was found in the regression coefficients 
for individual sampling times. 

Davis, Daish, and Sawyer (1916) have studied the variation in sugar content 
as per cent. of dry matter of mangold leaves during three twenty-four 
hour periods. The changes observed in the interval from 10 a.m. to 4 p.m. 
varied widely. In the first experiment, reducing sugars decreased greatly 
and sucrose remained constant; in the second, reducing sugars increased and 
sucrose decreased, and in the third, reducing sugars did not change, while 
sucrose showed a large increase. In the results of the present experiment 
no such inconsistency was found. The regression coefficients for individual 
sampling times, though not significant, were all positive for sucrose, and for 
reducing sugars all were positive except that for sampling time 8. 

The regression coefficients of sucrose and reducing sugar per 100 g. of 
water on time of day were also calculated for the lamina, and both were found 
to be positive and significant. ‘This increase during the day in the concentra- 
tion of sugars in the leaf was, however, partly the result of the diurnal fall 
of water content already demonstrated (Watson and Baptiste, 1938) and is 
not necessarily evidence of an increase in the amount of sugar in the leaf. 
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5. Starch. 


Qualitative tests for the presence of starch were made on the insoluble 
residues after alcohol extraction. A portion of the residue was heated on a 
boiling water-bath with saturated calcium chloride solution, and the extract 
was tested for starch by adding iodine solution. Starch was found in all the 
samples of leaf lamina examined, both of sugar-beet and mangold up to 
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Fic. 9. Upper figure shows change with time of yield of sucrose as gm. per root and tons per 
acre. Lower figure gives regression coefficients on sowing date for sucrose expressed as gm. 
per plant per week. Black and open circles and vertical lines as in earlier figures. 


sampling time 9, and a trace was present in some of the samples of time Io. 
Starch was also present in the early samples of petiole, apparently in smaller 
amounts than in the lamina, but none was detected in samples later than those 
of time 5. None of the root samples gave a positive test. These results con- 
flict with those of Davis, Daish, and Sawyer (1916) on mangold, who found 
starch only in the lamina of very young plants. 


6. Yield of sucrose per root and per acre. 


From an agricultural point of view the yield of sucrose per root or per unit 
area of crop is the most important growth function. The mean weight of 
sucrose per root for all sowings, and the regression coefficients on sowing date 
are shown in Fig. g, where a scale of tons per acre is also given. 

The mean weight of sucrose per root increased throughout growth, and the 
rate of increase was more rapid in the middle of the growth period than at 
the beginning and end, so that the curve had an S-shaped form similar to 
that of dry weight. The trend of the graphs indicates that the increase was 
still proceeding at the last sampling time. he increase between sampling 
times 12 and 14 was significant for sugar-beet, but not quite significant for 
mangold. The weight of sucrose per acre was consistently greater in sugar- 
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beet than in mangold, but the difference was not great, because the greater 
sucrose content of sugar-beet was offset by the greater root weight of mangold. 
The final yield of sucrose, over 3 tons per acre in sugar-beet, was high, and 
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Fic. 10. Translocation rate, mean of all sowings. The upper graph shows the rate of 
increase in dry weight of the root, and the lower graph shows the rate of increase in dry 
weight of the root per unit dry weight of the whole plant. Black circles, sugar-beet; open 
circles, mangold. 


this may partly be attributed to the rejection in sampling of abnormally 
spaced plants. 

The regression coefficients on sowing date (Fig. 9) were negative at all 
times, showing that later sowing depressed the weight of sucrose per root. 
The depression at first increased with time; later, from sampling time 10 
onwards, reaching an almost steady value which was greater in sugar-beet 
than in mangold. The depression of final sucrose yield, amounting to 0-24 
tons per acre per week of later sowing, represents a large reduction in the 
agricultural value of the sugar-beet crop. Inspection of the yields of sucrose 
for individual sowings (Table I1) suggests that the decline of yield with later 
sowing was less rapid in the early sowings than the late. 


TaBLe II 
Total Sucrose in Root at Sampling Time 14. Tons per acre 
Sowing date 2 I II Ill IV Vv VI 
Sugar-beet As giatsy AEC) B77 26 2°0 
Mangold . A nails 3°6 3°2 2°6 2°6 1'9 


This is a reflection of a similar effect in the yield of dry matter, for there 
was no indication of any curvature in the graph of the relationship of sucrose 
content (as per cent. of dry matter) to sowing date. 
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DISCUSSION 


In general, the content of both sucrose and reducing sugars was greater in 
sugar-beet than mangold. The only exceptions were that in the root, the 
reducing sugar content was greater in the mangold, and in the lamina, the 
sucrose content as per cent. of dry matter was almost identical in the two 
plants, though on the water-content basis it was slightly greater in sugar-beet. 

The sucrose content of the root was very much greater than that of the 
petiole, which in turn exceeded that of the lamina. The only deviation from 
this steady increase in the direction from lamina to root was at sampling 
time 12, when the sucrose content per 100 g. water of the mangold lamina 
slightly exceeded that of the petiole. Reducing sugars were present in the 
highest concentration in the petiole, and the content of the lamina was greater 
than that of the root. 

The sugar content of all parts of the plant increased with time, and in most 
cases the increase continued throughout the growth period. The sucrose 
content of mangold petiole was exceptional in that after sampling time 8 it 
fell sharply until sampling time 12, subsequently rising again. The sucrose 
content of the lamina and the reducing sugar content of the root of both 
plants, and of the petiole of sugar-beet decreased between sampling times 12 
and 14. In the lamina and root the decrease was significant. 

No attempt has been made to correlate with meteorological factors the 
deviations of sugar content from smooth trends, for the observations were 
made too infrequently to give information on weather effects. An examina- 
tion of the data was made to determine whether correlations existed between 
the deviations of sucrose and reducing sugars in the same and in different 
parts of the plant. The graphs suggest, for example, that after the elimination 
of trend, the sucrose content of the lamina was correlated positively with the 
reducing sugar content of the lamina, and negatively with the sucrose content 
of the petiole, but no significant correlations were found. 

The relation of sucrose to reducing sugars in the different parts of the plant 
is best seen from an examination of their ratio, the values of which, for the 
mean of all sowings, are given in Table III. 

The ratio of sucrose to reducing sugar was slightly greater in mangold than 
in sugar-beet, except in the root. As the reducing sugar content of the lamina 
increased more rapidly with time than the sucrose content, the ratio tended 
to fall to lower values in the later samples. For sugar-beet, the ratio was 
always less than unity, but in mangold at the earlier sampling times the 
sucrose content was slightly greater than the reducing sugar content. 

The ratio for the petiole was usually greater than that for the lamina, 
especially in sugar-beet, and the drift with time was in the opposite direction 
to that found in the lamina, showing with time a relatively greater increase 
in sucrose than in reducing sugar. The time drift was not very regular; in 
mangold the values for the last three sampling times were low. In the root 
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the ratio was very high and much higher in sugar-beet than in mangold. No 
regular time drift is apparent. 

Knowles, Watkin, and Hendry (1934) found in the same variety of sugar- 
beet, grown in 1933 on a similar soil and with similar manuring except for 
the addition of g tons of dung per acre, values for the reducing sugar content 


TaBLe III 
Ratto of Sucrose to Reducing Sugar (Mean of all Sowing Dates) 

Sampling time . : : ‘ i 6 ] 8 10 12 14 
: Sugar-beet . : - 062 069 0°55 061 0:37 061 0°30 
Lamina {erg : 5 - 1°36 2:00 1°39 088 065 o-71 0:28 
; Sugar-beet . , -. 0°72" 0°92 0°75 . 1°23 1°05 (0°88 1°36 
Petiole MA&ngold : - 129 1:02 1°46 1°63 1:06 0-45 0-80 
Reet ee mae : ; 20S NL 7ig e408 “ATA i io7es 166 eae 
Mangold : ; : 63 49 52 76 33 29 48 


of the root which on the average of all samples are more than four times those 
given in this paper. It is not possible to decide whether this difference is a 
real seasonal effect, or the result of differences of analytical procedure. Vander- 
plank (1936) has shown that the method of clarification with basic lead acetate 
used by Knowles et al. may be inefficient, giving estimates of reducing sugars 
which are too high. If, however, the whole reduction by non-sugar sub- 
stances (estimated in our work by the residual reduction after fermentation) - 
is included in the estimate of reducing sugars, the values obtained are still 
well below those of Knowles et al. It is possible that their procedure of 
mincing the root finely before extraction caused a partial hydrolysis of 
sucrose, but against this it must be noted that according to Robertson, Irvine, 
and Dobson (1909) invertase is not present in the root of sugar-beet. 

It is of interest to consider whether the data throw any light upon the 
mechanism of translocation of carbohydrate from leaf to root. Davis, Daish, 
and Sawyer (1916) concluded from their study of diurnal changes in sugar 
content of leaf and petiole of mangold that sucrose was formed directly by 
photosynthesis in the leaf mesophyll, and that it was hydrolysed to hexose, 
probably in the veins, and translocated to the root in this form. ‘Their evi- 
dence for this was, firstly, that the ratio of sucrose to hexose decreased in the 
direction from leaf lamina to midrib to petiole. Secondly, while hexose and 
sucrose in the leaf showed similar diurnal variations, in the petiole the sucrose 
content remained almost constant throughout the day and hexose varied 
widely. Curtis (1935) has pointed out that neither of these observations is 
proof that hexose is the sugar of transport, for ‘it is conceivable that the sugar 
was actually being transported as sucrose along a positive diffusion gradient, 
and the variations in hexoses merely indicate temporary accumulation and 
depletion in non-conducting tissues’. Nor were the observations of Davis, 
Daish, and Sawyer confirmed in the present work. Table III shows that 
the ratio of sucrose to reducing sugars was usually greater in the petiole 
than in the lamina. The petiole fraction here includes some stem tissue, but 
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in mangold this is a small proportion of the whole, and it seems unlikely that 
it would have a large effect on the ratio of sucrose to hexose. The regression 
coefficients of sugar content on time of day (Table I, p. 851) suggest that the 
increases of sucrose and reducing sugar contents between 10 a.m. and 4 p.m. 
were almost equal in lamina and petiole, and there is no indication that in 
the petiole reducing sugars were more variable than sucrose. 

Davis, Daish, and Sawyer also observed that the ratio of sucrose to reducing 
sugars in the leaf declined with age. Table III shows that this was confirmed. 
both for mangold and sugar-beet. They interpret this drift as being correlated 
with a change of the plant from a growing to a storage phase. Thus they state 
that ‘during the early stages of growth . . . leaf production is the principal 
function of the plant and the roots are merely small tap roots’ while ‘in 
September and October . . . the call upon the cane-sugar in the leaf is actually 
greatest for purposes of storage in the root’. The predominance of hexoses 
in the leaf in the later stages of growth is taken as evidence that carbohydrate 
is translocated as hexose. It has already been pointed out that there is no 
clear distinction between phases of growth and of storage in the root, for the 
young roots have already a high sucrose content, so that growth and sucrose 
storage proceed together. Fig. 10 shows that the absolute rate of transloca- 
tion, measured as the rate of increase in dry weight of the root, was greatest 
in August and September, falling rapidly later, while the rate of translocation 
relative to the total dry weight of the plant declined throughout growth. It 
should be noticed also that, in the argument from the difference between the 
ratios of sucrose to reducing sugar for leaf lamina and petiole, a relatively low 
hexose content of the lamina is taken as indicating translocation of hexose, 
while in the argument from the drift with age of the ratio of sucrose to re- 
ducing sugar in the lamina the same conclusion is deduced from an accumulation 
of hexose in the lamina. Thus the two arguments are mutually contradictory. 

The work of Mason and Maskell (1928) on translocation in the cotton plant 
strongly supports the conclusion that carbohydrate is translocated in the 
phloem as sucrose, and that the rate and direction of movement are deter- 
mined by concentration gradients in a manner analogous to diffusion. It has 
been shown that analysis of the whole tissue of leaf lamina, petiole, and root 
gave no indication of gradients of sugar concentration declining in the direction 
of translocation from leaf to root. The gradient of sucrose concentration ran 
in the opposite direction, while the concentration of reducing sugars was 
greatest in the petiole. Nevertheless, gradients of sugar concentration in the 
direction of translocation from leaf to root may exist in the phloem, which 
are masked in mass analyses by the differing sugar concentrations in the 
surrounding tissues. Curtis (1935) points out that ‘mass analyses of general 
stem or leaf tissue may give an entirely wrong impression as to which of the 
constituents found are actually being transported. The seeming gradient for 
sucrose and for hexoses may not actually obtain in the conducting elements 
themselves’. In view of this it seems unprofitable to look for correlations in 
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our data between sugar concentration and translocation rate. A formal 
examination of the data was made, but no such correlations were found. 

In growth studies based on measurements of change in dry weight, the 
choice of an appropriate method of expressing translocation rate is difficult. 
The net rate of translocation, measured as the rate of increase in dry weight 
of the root over a long period of time, must be dependent on the size of the 
plant, so that for the comparison of translocation rates in different periods 
it is necessary to eliminate plant size by the use of a relative rate of transloca- 
tion. It is doubtful whether such relative rates should be expressed on the 
basis of mean dry weight of the whole plant, of the root or of the leaves, or 
on a leaf-area basis, for there seem to be no a priori grounds for determining 
whether the absolute translocation rate is more closely dependent on the size 
of the leaves, of the root, or of the whole plant. The ratio of increase of dry 
matter of the root to increase of dry matter of the whole plant, which measures 
the fraction of total assimilate translocated to the root, might be a more useful 
measure of translocation, for it eliminates the direct effect of varying assimila- 
tion rate, but at times when the dry weight of the plant is changing slowly, 
both numerator and denominator of this ratio are subject to proportionately 
large errors, and the ratio is very inaccurately determined. 

According to Roemer (1927), the more numerous the rings of vascular 
bundles in the root of sugar-beet and the closer they lie together, the higher is 
the sucrose content. Similarly it is possible that the differences in sucrose con- 
tent between lamina, petiole, and root are mainly determined by the relative 
bulk of vascular and other tissues. This would imply that throughout the plant 
the vascular tissue is much richer in sucrose than the surrounding parenchyma. 

No effect of sowing date on the reducing sugar content of the leaf lamina 
could be detected in the early samples, but afterwards there appeared an 
increase with later sowing which became greater as growth proceeded. The 
sucrose content showed a similar time-trend in its relation to sowing date, 
but the change with time was not so great. Initially the sucrose content was 
depressed by later sowing, and the positive effect of later sowing towards the 
end of the growth period was small, particularly in sugar-beet. In the petiole, 
later sowing at first depressed the reducing sugar content, but this depression 
rapidly disappeared, and towards the end of the growth period a fairly steady 
positive relation to sowing date was established. The effect on sucrose con- 
tent was negative throughout, the greatest depression occurring at the inter- 
mediate sampling times. ‘The reducing sugar content of the root was slightly 
lower in the later sowings and the effect did not vary with the time of sampling. 
The sucrose content was consistently depressed by later sowing. ‘The magni- 
tude of the depression decreased with time so that at the end of the growth 
period the effect was small. 

It has been shown (Watson and Baptiste, 1938) that later sowing caused 
an increase in area and dry weight of the leaves in the later stages of growth. 
The leaves of the later sowings were not only larger but also richer in sugar, 
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particularly in reducing sugar. On the other hand the dry weight of the root 
decreased with later sowing, and this was accompanied by a decrease in 
sucrose content. It seems probable therefore, that the effect of later sowing 
on leaf growth was induced by a restriction of the movement of assimilate 
out of the leaves, rather than by an increase in the ability of the leaves to 
utilize assimilate in growth, for if the latter explanation were true a reduction 
in sugar content in the leaf might be expected. 

The effect of later sowing in reducing the total sugar yield in the root has 
been shown previously in experiments described by Cooke (1900) and 
Roemer (1927). It has also been confirmed in field experiments at Rothamsted 
and Woburn, the results of which are given in Table IV. 


TABLE IV 


Field Experiments at Rothamsted and Woburn. Sucrose as Percentage of 
Fresh Weight of Root, and as Yield per Acre 


1935- 
Rothamsted. ‘Woburn. 
Date of Date of 
sowing. Per cent. Cwt.peracre. sowing. Per cent. Cwt. peracre. 
March 15. 16°50 381 April 18. 15°73 41°3 
April 18 ‘ 16°58 36°8 May 9 3 15°81 40°7 
May 16 : 16°58 35°71 May 25 : 16°22 38°2 
1936. 
April 23 : 17°72 40°6 April 8 : 17°74 54°2 
May 8 : 17°70 BIG April 27 17\50 48-2 
May 26 17°54 33°3 Mayi5_. 17'28 38°3 


In all four experiments the yield of sugar fell steadily with later sowing. 
The relation of sugar as percentage of fresh weight of the root to sowing date 
was variable. In 1935 at Rothamsted the percentage of sugar was not affected 
by later sowing, while at Woburn there was evidence of a small increase. In 
1936, both experiments showed a decrease with later sowing. In the 1934 
experiment described in this paper, later sowing depressed the sugar content 
of the root as percentage of dry matter, and as the water content of the root 
was increased by later sowing, the sugar content as percentage of fresh weight 
was also depressed. 


SUMMARY 


An account is given of the changes during growth in the sucrose and 
reducing sugar content (expressed per 100 g. of dry matter and per 100 g. of 
water) of the lamina, petiole, and root of sugar-beet and mangold sown on 
SIX Occasions in 1934. 

Sugar-beet had a higher content of both sucrose and reducing sugars than 
mangold, except that the sucrose content of the lamina was almost the same 
in the two plants, and in the root the reducing sugar content was greater in 
mangold. In general, both the sucrose and reducing sugar content of all 
parts of the plant increased steadily with time. ; 
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The sucrose content increased through the plant in the direction from 
lamina to root. The reducing sugar content was highest in the petiole, and 
was greater in the lamina than in the root. It js pointed out that this does 
not necessarily imply that translocation takes place against a gradient of sugar 
concentration, for gradients falling in the direction of movement may exist 
in the conducting tissues, which are masked in the mass analyses of lamina, 
petiole, and root. The data give little direct evidence on the mechanism of 
translocation, but they serve to illustrate some fallacies in the arguments of 
Davis, Daish, and Sawyer for the view that sucrose in the leaf is an immediate 
product of photosynthesis and that carbohydrate is translocated as hexose. 

There is no clear distinction in the toot between a phase of growth and 
a phase of sucrose Storage, for the very young roots have a high sucrose 
content. Growth and accumulation of sucrose proceed together. 

On the mean of all sampling times, a significant increase of sucrose content 
was found in the leaf lamina, between 10 a.m. and 4 p.m. The corresponding 
increase in reducing sugar was smaller and not significant. The average 
changes during the day in the sugar content of the petiole were almost the 
same as those of the leaf lamina, but were not significant. There was no 
indication of any diurnal variation in the root. 

Later sowing caused an increase in the reducing sugar content and, to a 
less extent, in the sucrose content of the leaf lamina, in the later stages of 
growth. The reducing sugar content of the petiole was similarly affected, but 
the sucrose content of petiole and root was always depressed by later sowing. 
The reducing sugar content of the root was also slightly decreased. These 
results suggest that the effect of later sowing, previously demonstrated, in 
increasing the size and weight of the leaves, was caused by a restriction of the 
movement of carbohydrate out of the leaf, rather than by an increased ability 
of the leaf to utilize assimilate in growth. 

Later sowing depressed the total yield per acre of sucrose in the root. 


Copies of the primary data have been deposited in the Natural History 
Museum, South Kensington, and in the Library at Rothamsted Experimental 
Station. 


The authors wish to record their indebtedness to Dr. E. C. D. Baptiste 
who carried out some of the sugar estimations, and to Mr. S. A. W. French 
for assistance in the statistical computation. 
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A Study of the Polyphenol Oxidase System in Potato 
Tubers 


BY 
J. G. BOSWELL 
AND 


G. C. WHITING 
(Botany Dept., The University, Sheffield) 


With six Figures in the Text 


A Paice exists a considerable body of literature concerning the reactions 
of the polyphenol oxidase system extracted from the tissues of certain 
plants and animals. From the botanical point of view the major part of the 
work has been done on genera in the angiospermic orders; in addition a 
certain number of the fungi have been tested for the presence of this system, 
described by Onslow (1921) as the ‘direct oxidase’ system and identified by 
the production of a blue colour when tincture of guaiacum is added to the 
surface of the tissue. This worker found that of 64 per cent. of the mono- 
cotyledon orders 79 per cent., and of the 60 per cent. of the dicotyledon 
orders 60 per cent., gave a positive reaction. Szent-Gyérgyi (1927) has re- 
examined a number of tissues and concluded that all those tested contained 
a phenol oxidase, and that failure to give a positive response was due to one 
of two causes: either the tissue lacked a catechol derivative, and therefore the 
o-quinone which oxidizes the guaiacum to givé the blue colour cannot be 
formed, or the tissue contained a phenol oxidase, oxidizing a phenol to a 
quinone, which is not capable of oxidizing the guaiacum so that again the 
blue colour fails to develop. In the former case the addition of catechol 
results in the formation of a blue colour, while in the latter case the phenol 
oxidase appears to be incapable of oxidizing catechol to o-quinone and there- 
fore, even in the presence of this substrate, a blue colour is not developed 
on addition of the tincture of guaiacum. He considers that the phenol 
oxidase system is much more widely spread in the plant kingdom than the 
results of Onslow would indicate. Wheldale (1911) observed a close correla- 
tion between those tissues giving a positive reaction with guaiacum and those 
turning brown on injury. Szent-Gyérgyi (1925) showed that this browning 
is due to the formation of a substance he calls tyrin which is not produced 
by direct oxidation by oxygen of the air but through the oxidative activity 
of the o-quinone. Further that the tyrin precursor and the guaiacum both 
require a powerful agent for their oxidation and that it is only in those tissues 
[Annals of Botany, N.S. Vol. II, No. 8, October 1938.] 
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which produce an o-quinone, having a high oxidation potential, that these 
reactions can occur; hence the correlation between the blueing of guaiacum 
and browning on injury. The exact mechanism involved in the phenol oxi- 
dase system in plant tissues has long been in dispute. Onslow and others held 
that two enzymes were involved, whereas Szent-Gyérgyi held that only one 
oxidizing enzyme was concerned. The evidence in support of the latter view 
may now be regarded as conclusive. The system therefore consists of three 
parts, a phenol oxidase, an aromatic hydrogen transporter, and a dehydrase. 
In the potato tuber the oxidase is capable of oxidizing catechol. The aromatic 
compound naturally present is probably oxidized to a diketoquinone (Will- 
statter and Miiller, 1908), the quinone returning to a dihydroxy compound 
under the influence of the dehydrase system, the guaiacum being substituted 
for this in the test for the presence of the oxidase enzyme. ‘The diketoquinone 
has: great oxidizing powers in the presence of suitable hydrogen donators 
such as amino acids. 

The part played by such an oxidizing system in the normal respiration of 
plant tissue has been a matter of dispute. Szent-Gyérgyi and Vietorisz (1931) 
concluded from their comparison between the rates of respiration of potato 
tissue containing whole cells and mashed tissue that the phenol oxidase 
system probably operated only in wounded tissue. The resulting o-quinone 
was valuable either in respect of its strong bactericidal properties or because 
of the mechanical protection it afforded the tissue through the formation of 
a precipitation membrane on the surface of the wound by interaction with the 
albuminoid substances present in the cells. 

The results of an investigation of the part played by the catechol oxidase 
system in the respiration of slices of potato tuber are set forth in this paper. 
It is shown that this system is responsible for the major part of the O, uptake 
and of the CO, output. The tissue slice and manometric methods of Warburg 
and others have been employed.. These methods have been of the greatest 
value in studying the intermediate stages in the respiration of animal tissues 
but have been little used with plant tissues. Caldwell and Meiklejohn (1937) 
record some results obtained with this method but do not give details of their 
technique. Details of the conditions under which reproduceable results were 
obtained are given in the following section. While the observations recorded 
in detail were for slices of potato tuber other tissues which were examined 
in the same way were the fruit of the apple, the roots of carrot and turnip, 
the leaf of Agave sp., the spadix of Arum maculatum, and the petiole of 
rhubarb. Certain observations made on these tissues are recorded. 


METHODS 


After testing several varieties of potato it was found that the variety ‘King 
Edward’ was most suitable for the work. The tissue was Cut into slices 0-03 in. 
thick and washed continuously in running tap-water which was mechanically 
stirred and aerated by a constant stream of air, thus preventing the develop- 
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ment of local anaerobic conditions in the washer. If anaerobic conditions 
develop there is a greater opportunity for the growth of bacteria and without 
bacterial infection potato tissue loses its activity irreversibly under anaerobic 
conditions. It was obvious from our first experiments that the tissue had to 
be washed for some considerable length of time if reproduceable results were 
to be obtained and the rate of respiration to remain constant over any con- 
siderable period. The initial washing, done under the conditions described 
above, results in the starch and other contents of the cut cells on the surface 
of the tissue being washed away, the residual activity of the tissue being due 
to whole cells only. It also permits the wound reaction to become stabilized. 
Table I gives values for the rate of respiration of tissue washed for varying 


TABLE I 
Potato Slices, 0-03 in. thick. Phosphate Buffer pH 5:5 
(m.ml. O, per gm. uptake dry wt. per hour) 


Unwashed - 407 426 — 
Washed 2 days - 616 579 560 
pha - §20 §59 577 
cael Sage - 514 562 — 
ANS. % - 590 550 529 
oy Oe 575 572 544 


lengths of time. The values in each column are for daily samples taken from 
one group of slices, each group having been cut at the same time from the 
same potato. It is clear that after the initial rise and fall in the rate of O, 
uptake, lasting for about two days, the rate of respiration of any mass of slices 
remains sufficiently constant over a further period of five days to permit 
of comparisons among experimental results obtained during this time. In 
addition to the marked effect which washing had upon the rate of O, uptake 
it also affected the R.Q. values. For unwashed tissues R.Q. values range 
between 0-7 and 0°8 and are very variable, while for washed tissue the values 
are very close to 1-0 and show little variation. The rise in the R.Q. values 
from 0-7 to 1-o occurs after four hours’ washing. 

Carrot and turnip, like the potato, withstand long periods of washing with- 
out ceasing to respire normally ; but tissues of the apple, rhubarb petiole, Arum 
spadix, and Agave leaf cease to do so if the period of washing extends over 
more than four days—probably due to the mechanical action of the stirrer. 

The results obtained for any one tissue on any one day never varied by 
more than + 2:5 per cent.; in the case of the carrot the values were always 
well within these limits and significance was attached to results which differed 
by greater amounts than these. 

‘The experiments were all carried out at a temperature of 31° C.+0:05° C.; 
Novy (1925) considered this the optimum temperature for potato tissue. 

In view of the low rate of respiration of plant as compared with animal 
tissue, the amount of the tissue used in the manometer cups in order to give 
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measurable changes of pressure during successive ten-minute intervals had 
to be considered. The figures in the following table show the rate of O, uptake 
(volume expressed as |. x 107°) and the quantities of certain tissues which 
give useful changes in the manometric readings at short intervals. It is quite 
obvious, however, that while the following figures may serve as a rough guide 
nothing but experience of the technique can enable a suitable quantity to be 
taken each time without the labour of weighing each sample. 


TaBLe II 
O, uptake 
(m.ml. per gm. dry Amount of tissue 
Tissue. wt. per hr.). (Dry weight). 

Potato (tuber). . - 2 500-1000 100 mg. 
Arum maculatum (spadix) - 5000 2030s 
Rhubarb (petiole). : 2800 KOme ss 
Agave (succulent leaf) : 1500-2000 50-70 ,, 
Carrot (root) . ; : 2100 60°. 5; 
Turnip (root) . F j 2900 SO laa: 


The necessity of using such large quantities of tissue results in an additional 
complication, namely the volume of tissue in the cup. If no account is taken 
of the tissue volume then the factors Kg, and Keo, (Dixon, 1934) are 
incorrectly determined. It was found that the ratio tissue volume/dry weight 
of the slices of any one particular tissue was remarkably constant and that 
using this factor the tissue volume could be calculated with sufficient accuracy 
from the dry weight when the errors of the whole experiment were considered. 
The following calculation will indicate the importance of measuring the tissue 
volume if comparable results are to be obtained. Using potato slices of dry 
weight 300-4 mg. the volume of the tissue was 2°54 ml. giving, together with 
5 ml. of buffer and 0-2 ml. 2N NaOH, a non-gaseous space of 7-74 ml. and 
a Ko, value of 1239. If the tissue volume be disregarded then the non- 
gaseous space is 5:20 ml. and Ko, 1-484. 

The rates of O, uptake by slices of potato tuber of different thicknesses 
were determined and the following table gives the values obtained. 


TaBLe III 
Slice thickness 0-015 in. 0:03 in. 0°04 in. 0°05 in. 
O, uptake (m.ml.) 612 618 498 476 
611 498 


Similar tables were obtained for other tissues. 

Steward (1932) has analysed the relationship between slice thickness and 
the respiration of tissue slices in great detail and has shown that the cells in 
a slice may be divided into two groups, those on the surface whose respiration 
is high due to the greater availability of oxygen and those in the interior whose 
respiration is much lower. He further showed that the outer active zone is 
very shallow. Our figures in Table III confirm these observations and 
suggest that the active zone is even shallower, in terms of the number of cells 
composing it, than he calculated, as even in slices six cells thick the inner 
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inactive zone is present. In view of the complication which is introduced by 
this inner zone all our measurements have been made with slices not thicker 
than 0-03 in.; such slices are four whole cells thick. In this work the problem 
of slice thickness is further complicated by the fact that many of the sub- 
stances we have used do not penetrate in any great quantity beneath the 
surface layer of cells and that if the effect of inhibitors, &c. is to be correctly 
determined the diffusion of the substances used within the tissue and there- 
fore the thickness of the slices used must be carefully examined. Caldwell 
and Meiklejohn (1937) used the tissue slice method with Barcroft differential 
manometers. The large standard deviation which they found with their 
material was probably due to their technique, in that the slices were not sub- 
jected to 4 preliminary period of washing to remove the contents of the cut 
cells and to allow the wound reaction to become stabilized, and the volume 
of the tissue within the cups was neglected. In particular the thickness of the 
sections is a matter of considerable importance as the figures in Table III 
show, that with very thin slices a very small increase in thickness may result 
in a great reduction in the O, uptake per gm. of dry weight. 

The constitution of the buffer solution to be employed was studied. The 
following table shows the effect of concentration of buffer solution on the 
rate of O, uptake. 


TaBLe IV 
Phosphate Buffer pH 5:5. Slices 0:03 in. thick 
O, uptake. (m.ml./gm. 


Strength of solution. dry wt./hr.) 
Distilled water . . 557 
Buffer 0-067M . : 531 

» o044M . : 566 
ORO SV ‘ 586 
571 0;003 MI ae 2 590 


These values are for separate samples of tissue taken from the same mass. 
A table showing the influence of pH value of the buffer solution on the 
uptake of O, is given below. 
TABLE V 
Phosphate Buffer, Concentration 0-013 M 
O, uptake. (m.ml./gm. 


pH. dry wt./hr.) 
5°29 612 
5°59 629 
6:64 638 
6°81 626 
Tels 708 
8:04 679 


Separate samples from the same mass. 
Between 5-59 and 6-81 there is no significant change in the O, uptake, the 
curve falls away slightly below 5-59 and the rise in the uptake at pH values 
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above 6°81 is in accord with the observations of Warburg (1930) on the effect 
of the —OH ion on the uptake of oxygen by animal tissues. In view, how- 
ever, of the absence of any pronounced depressor effect upon the O, uptake 
of the tissue at pH 5-5 and of the great advantage of working at this pH when 
determining CO, output and R.Q. values, all the tissues used were tried at 
this pH value and it was found that in all cases no depressor effect was notice- 
able even after several hours. 

The chemical constitution of the buffer solution used was found to bea 
factor controlling the rate of O, uptake. The following table illustrates the 
depressor effect of acetates even in dilute solutions. 


TABLE VI 


Slices 0:03 in. thick. Buffer pH 5-5 
O, uptake (m.ml./gm. 


dry wt./hr.) 
Concentration. Phosphate. Acetate. 
0-067 M 583 — 
004 M — 240 
0-013 M 605 — 
0008 M — 462 


This depressor effect is apparent with all the tissues tried and affects the O, 
uptake and CO, output equally, the R.Q. remaining at unity. The depressor 
effect is also apparent when the phosphate and acetate buffers are mixed. 

In view of the long period of washing the danger of bacterial infection is 
considerable and such infection unless detected would seriously vitiate the 
results. It has been found that the detection of even a slight infection is easy, 
the rate of respiration rises rapidly with time, and in the course of three hours 
the rate may rise by as much as §0 per cent. over the initial value. If the 
infection is so small that it is difficult to detect it with certainty we have found 
that the addition of 0-5 ml. of 5 per cent. glucose or sucrose solution makes 
the matter clear. In the absence of any infection such additions have no effect 
on the rate of respiration, but with even the slightest infection the rate of 
respiration rises rapidly. The following table gives figures for infected tissue- 
potato. 


TasB_e VIT 
11.40 p.m.— 
12.40 a.m. 2.20-3.20 p.m. 
m.ml. O, m.ml. O, 
Phosphate buffer only : 734 1021 
Buffer and sucrose . : 827 1222 
» and glucose . : 863 1201 


Similar results have been obtained with carrot. Turner (1937), Caldwell and 
Meiklejohn (1937) both report that uninfected slices of tissue, carrot in the 
first case and tomato stem in the second, showed a higher rate of respiration 
in the presence of sugar solutions than in inorganic buffer alone. We consider 
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that the difference between our observations and those of these workers is 
probably due to a difference in technique and, particularly in the case of 
Caldwell and Meiklejohn, a difference in the tissues used. 


RESULTS 


Slices of potato tuber 0:03 in. thick were used in 5 ml. of a phosphate 
buffer of pH 5:5. The CO, output and the O, intake were measured and after 
a short interval o-5 ml. of a M/25 solution of catechol was added and the 
course of the respiration followed at 10-minute intervals. F ig. 1 shows the 
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Fic. 1. Horizontal axis—time in minutes. Vertical axis—O, and CO, in m.ml./gm. dry 
wt./1o min. Graph 1. Phosphate alone—O, uptake. Graph 2. Phosphate and os ml. M/25 
catechol—O, uptake. Graph 3. Phosphate and 0-5 ml. M/25 catechol—CO, output. 
form of the curves obtained. Both the O, and CO, curves showed an initial rise 
above the ‘phosphate only’ line and this acceleration was followed by a depres- 
sion which carried the values below this line, the R.Q. approaching unity. 

By calculation on the basis that each molecule of catechol requires half a 
molecule of oxygen for oxidation to ortho-quinone it can be shown that out 
of a total 2:2 mg. of available catechol only 0-35 mg. were used. It appears, 
therefore, that the fall in the oxygen uptake and the CO, output is not due 
to the exhaustion of the oxidizable substrate. That it is probably due to the 
inhibition of the enzyme system is shown by adding a second portion of the 
catechol solution to the tissue when the depression due to the first is almost 
complete. ‘Table VIII shows the result of this addition. 
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This inhibition of the enzyme action by the oxidation product of catechol 
confirms the work of Richter (1934) who, working with the enzyme in vitro, 
attributed the inhibition to the action of the ortho-quinone produced. 

The factor influencing the percentage depression produced by the oxida- 
tion product of the catechol was then investigated. As the diffusion of the 


TaBLe VIII 
O, uptake 
(m.ml./gm. 
dry wt./ 
Phosphate 10 min.) 
only. Catechol. 


100 246 

105 199 

89 

79 

68 

78 

Additional 
catechol. 

68 

68 

63 

68 
catechol into the tissue was regarded as a possible limiting factor 0-5 ml. of 
M/25 catechol solution was added to slices of potato of different thicknesses 
and the depression measured. Fig. 2 shows the form of the curves obtained 
for the O, uptake of the slices of three different thicknesses, the thinnest 
being o-o15 in. The curves follow the general form of those in Fig. 1 but 
show certain interesting features when compared with one another. The first 
feature is that the thinner the section the greater the maximum value of the 
O, uptake following the addition of catechol, which suggests that only the 
surface cells are affected as the thinner the slice the greater is the ratio 
surface/volume for unit weight. It is therefore concluded that the oxygen 
uptake at any point on the curve is the sum of that by two groups of cells, 
namely those on the surface which have absorbed the catechol, and those 
inside the tissue which have not. If the whole of the oxygen uptake of the 
cell is due to the activity of the oxidase system then the more nearly the slice 
approaches a two-cell thickness the more nearly will the inhibition of the O» 
uptake be complete. Table IX and Fig. 3 show the residual O, uptake as a 
percentage of the ‘phosphate only’ value with slices of different thicknesses. 
By measurement of a large number of cells the average length of a cell in the 
direction of the long axis of the tuber was calculated as being 0-0072 in. The 
sections used in the experiments were cut at right angles to the long axis of 
the tuber. In this case a slice o-o15 in. thick could not contain more than 
two whole cells in its depth. In sections of this thickness the residual O, 
uptake is still 33 per cent. of the initial ‘phosphate only’ value. As the sections 
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are only two cells thick, penetration by catechol might be regarded as being 
complete, all the cells being bathed on one surface by the catechol solution. 
From Richter’s observation of the complete inhibition of the oxidase system 
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Fic. 2. Horizontal axis—time in minutes. Vertical axis—O, uptake. m.ml./gm. dry wt./ 
yo min. Action of 0-4 ml. M/25 catechol solution on O, uptake of potato slices of various 
thicknesses in phosphate buffer. Graph 1. Slices o-or5 in. thick. Graph 2. Slices 0-025 in. 
thick. Graph 3. Slices 0-035 in. thick. 


by the oxidation product of catechol it may be concluded that in such thin 
slices the part of the O, uptake which is the product of the oxidase system 


TABLE IX 
Slice thickness (in.) . 0-05 0°04 0°03 0'025 0:02 O:015 
Residual O, uptake as per 74 58 48 42 38 Re 


cent of ‘phosphate only’ 
would be inhibited and that any residual uptake must be due to a system in 
which catechol oxidase plays no part. In these slices of potato tissue it would 
appear that 33 per cent. of the O, uptake is due to a system not involving 
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the catechol oxidase system. It is important to note that the tissue slices 
retain their turgidity under all concentrations of catechol used and throughout 
the duration of the longest experiments. Parallel experiments on the CO, 
output show that it is similarly inhibited in slices of o-o15 in. thickness and 
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Fic. 3. Horizontal axis—slice thickness (in. x 1073). Vertical axis—residual respiration 
after addition of catechol expressed as a percentage of original ‘phosphate only’ respiration. 
that the R.Q. of the residual respiration is 1-0 even at the end of the longest 
experiments of five hours duration. 

Richter (1934) has shown that the inhibiting effect of the oxidized catechol 
can be removed by the addition of aniline to precipitate the inhibitor as an 
anilino-orthoquinone. It was found by experiment that aniline had no effect 
on the rate of respiration, but when added to the tissue in the presence of 
catechol did not inhibit the depressor effect, very irregular results were 
obtained, and the flaccid tissue after only very short experiments suggested 
that the mixture had had a toxic action on the tissue activity. 

An extract containing an o-dihydroxy compound has been isolated from 
potato tubers by several workers, including Onslow, and from experimental 
work in vitro has been regarded as part of a phenol oxidase system. Follow- 
ing Onslow’s (1919) directions we isolated this compound using 95 per cent. 
alcohol, the solution was reduced to small bulk in vacuo, the required fraction 
was precipitated from aqueous solution using lead acetate and the lead com- 
pound decomposed with the calculated amount of 10 per cent. H,SO,. The 
filtrate after the removal of the precipitate of lead sulphate was evaporated 
down zm vacuo and yielded a pale yellow gum which showed no signs of 
crystallizing after being kept over calcium chloride in vacuo for several 
months, but under such conditions it lost a considerable part of its activity 
both when used in the experiments described below and when tested with 
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solutions of ferric chloride and sodium carbonate with which it has been 
described as giving certain colour reactions. The aqueous solution of the 
phenolic compound was prepared by dissolving an arbitrary amount of the 
gum in distilled water, making up to a known volume and adjusting the pH 
to approximately 5-5 by the addition of dilute soda solution. ot mlz o-2'mlg 
0-5 ml. were added to slices of potato tuber respiring in phosphate buffer 
pH 5:5, and Fig. 4 shows the form of the curves obtained for the O, uptake. 
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Fic. 4. Horizontal axis—time in hours. Vertical axis—O, uptake. m.ml./gm. dry wt./hr. 
Graph 1. Phosphate alone. Graph 2. Phosphate and o-r ml. extract. Graph 3. Phosphate 
and o-2 ml. extract. Graph 4. Phosphate and o-s ml. extract. 


The curve for tissue and 0-1 ml. of extract was constant at a value about 
116 per cent. of the ‘Phosphate only’ value and remained at that level through- 
out the experiment, the curve for the addition of 0-2 ml. fell slowly in the 
early stages but reached a constant value 121 per cent. of the ‘phosphate only’ 
value, the curve for the addition of o-5 ml. fell rapidly and attained a constant 
value at 119 per cent. of the ‘phosphate only’ value. It is of interest to note 
that whatever the initial value of the O, uptake the constant level attained 
was practically the same for all the amounts added, the differences between 
the final values being hardly significant. 

Onslow (1919) purified the extracted material by submitting it to ether 
extraction. We have treated our gummy extract in a similar manner and 
obtained as a result two fractions, one ether soluble and the other insoluble. 
The ether soluble when dissolved in water gave a green colour with ferric 
chloride but no colour reaction with a solution of sodium carbonate, while 
the insoluble fraction gave positive colour reactions with both the above 
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reagents. The insoluble fraction is much less stable when exposed to air 
than the soluble: it becomes dark brown in colour after standing for several 
months in the air, while the ether soluble retains its pale yellow colour. Both 
extracts were tested by adding them to potato slices respiring in a phosphate 
buffer. The ether soluble extract had no effect upon either the O, uptake 
or CO, output, as is shown in Table X. 


TABLE X 
O, CO, RQ. 
m.ml. m.ml. 
Before addition 934 962 38103 
After _,, 943 963 1°02 
The ether insoluble extract had, on the other hand, a pronounced accelerating 
effect upon both the rate of O, uptake and CO, output, both curves reaching 
a constant value much in excess of the ‘phosphate only’ values after a short 
interval. (Table XI.) 
TaBLe XI 
Ope COG 
m.ml. m.ml. 
Before addition 1SA2 L555 e038 
Atteriaar, I750 §©1923. I°IO 
Table XII gives the values of O, uptake and CO, output when the whole 
extract before ether extraction was added to respiring potato slices. The 
values recorded were maintained throughout the duration of the experiment 
lasting several hours. 


TABLE XII 
O, CO, R.Q. 
m.ml. m,ml. 
Buffer alone 5 - 1402 1385 1444 1426 1:03 — 
» and extract - 2088 2000 2302 2193 #+®‘'I'TIO I-09 


Fig. 5 illustrates the form of the curve obtained by following the O, uptake 
and CO, output after adding the extract (0-4 ml.) to slices respiring in phos- 
phate buffer and taking readings at 10-minute intervals. On addition of the 
extract the O, uptake values rose gradually to a maximum value and then fell 
away slowly and attained a constant value well above the ‘phosphate only’. 
The CO, output as shown by the changes in manometric pressure followed 
a different course and only attained a maximum value above that of ‘phosphate 
only’ after a long period, the R.Q. finally reaching a value of 0-94. This slow 
rise in the rate of CO, output is really illusory, being due, not to a low rate 
of output of CO,, but to the binding of the CO, by some substance in the 
added extract. When this CO, was liberated by the addition of dilute acid 
at intervals during the respiratory measurements then the initial CO, output 
was found to be large, to follow rapidly upon the addition of the extract and 
to attain a maximum value in excess of the O, uptake. It is of interest to note 
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that in the CO, output curve the maximum is attained at an earlier point than 
that in the O, intake curve. These experiments appear to show that there 
is present in the cells of the potato tuber an enzyme which is not only capable 
of oxidizing catechol but also an o-dihydroxy phenol present in the tissue, 
and that such oxidations are accompanied by an output of CO,. 

It was desirable to establish whether or not the two substances were 
oxidized by one and the same enzymic system. To test this, o-4 ml. of the 
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extract. O, uptake. Graph 3. Phosphate and extract. CO, output. Bound CO, included 

only in the 30-50 period. 
solution of the phenolic compound were added to the potato slices respiring 
in a phosphate buffer and the O, uptake was followed until a constant value 
was obtained. Then 0-4 ml. of M/25 solution of catechol was added, the rate 
of O, uptake increased to a high value and then fell, ultimately passing below 
the ‘phosphate only’ line, the percentage depression being of the same value 
as that obtained when catechol was added without previous addition of the 
extract. Fig. 6 illustrates the form of the curve obtained. When the extract 
was added after the addition of catechol had reduced the O, uptake to a low 
value, no increase in the O, uptake resulted. It was therefore concluded that 
only one enzymic system was involved in the oxidation of the two substrates. 


DISCUSSION 


It is clear that the cells of the potato tuber contain an enzyme capable of 
oxidizing catechol in vivo. From the red colour of the compound formed 
between aniline and the oxidation product it would appear that this oxidation 
product is an o-quinone. The depressor effect that this product of catechol 
oxidation exerts upon the normal respiration of the tissue shows that the 
normal respiration involves the activity of the catechol oxidase enzyme. By 
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using slices of two whole cell thickness it has been possible to determine that 
66 per cent. of the total respiratory activity is dependent upon the oxidase 
system. It is of interest that both parts of the respiration process, that involv- 
ing and that not involving the oxidase system, have an R.Q. of 1-0. The fact 
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Fic. 6. Horizontal axis—time in minutes. Vertical axis—O, uptake and CO, output. 

m.ml./7 gm. dry wt./10 min. 
that the addition of catechol to the respiring tissue not only raises the O, 
uptake but also the CO, output shows that the oxidized catechol is capable of 
taking part in some system which results in the production of CO,. It also 
indicates that under normal conditions there is present in the slices an excess 
of the substance with which the oxidized catechol reacts, in other words that 
the rate CO, output is limited by the amount of the normally occurring 
oxidizing agent. 

As the catechol oxidase system appears to play a part in the respiration of 
the slices of tuber and as a phenolic compound has been isolated from the 
tuber, the part played by this compound was determined by adding it to the 
respiring tissue. The result of adding the extract was an increase in the rate 
of CO, output and of O, intake. Where small amounts of the extract were 
used then the O, intake curve rose gradually to a maximum value and con- 
tinued at that level; where large amounts were added then the maximum 
value reached was not maintained but the curves fell away to a constant value 
of about the same magnitude as that reached when smaller quantities were 
added. This suggests that when large amounts of the extract are added some 
other factor becomes the limiting factor in the rate of respiration. 

The difference in the form of the O, uptake curves after the addition of 
a large quantity and after the addition of a small quantity of the extract can 
be explained as follows. As the amount of the phenolic body added to the 
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respiring slices is limited the factor controlling the rate of oxygen uptake 
over a long period of time, will be the rate at which the oxidized body is 
reduced to a form ready for re-oxidation, in other words the amount of 
oxidizable substrate will be the controlling factor. From the form of the CO, 
output curve after the addition of catechol, it was deduced that under normal 
conditions there was an excess of this oxidizable substrate present in the cells. 
On the addition of the extract the uptake of O, is increased as the extract 
is oxidized; where a large quantity of the extract was added the O, uptake 
rises to a high value, but this value cannot be maintained, as owing to the 
limited amount of oxidizable substrate present the oxidized phenolic body is 
being produced at a greater rate than it is being reduced and an excess of the 
oxidized phenolic compound is accumulating. The rate of O, uptake there- 
fore falls away and becomes stabilized at a value which corresponds to the 
rate at which the oxidized phenolic compound is being reduced, i.e. the rate 
at which the oxidizable substrate is produced. When small quantities of the 
extract are added they are insufficient to oxidize all the oxidizable substrate 
and therefore the rate of O, uptake rises to a maximum value which it main- 
tains, representing the rate at which the amount of phenolic body added can 
oxidize the oxidizable substrate produced by the cells. When excess of the 
phenolic body is added then the output of oxidizable substrate by the cells 
limits the rate of respiration, but with smaller quantities the rate is limited 
by the amount of the phenolic compound present. The CO, curves can be 
interpreted similarly. As the O, intake and the CO, output remain constant 
during the whole experiment once the initial acceleration is over, and this 
constant value is much in excess of ‘phosphate only’ values, it would appear 
that the phenolic body has entered into some cyclic system, being alternately 
oxidized and reduced; in the former stage being responsible for the O, uptake 
of the tissue and in the latter reacting with some substance produced by the 
cells resulting in the reformation of the phenolic compound and the forma- 
tion of some substance which readily splits off CO,. This oxidizable sub- 
strate formed by the cells acts as a hydrogen donator and together with the 
oxidized phenolic compound forms a dehydrase system. The rapid output 
of CO, when the phenolic compound is added in large quantity to the respir- 
ing tissue, and the fact that this CO, is produced before the oxidation of the 
compound is proceeding at a very rapid rate, is probably due to a considerable 
part of the phenolic compound being in an oxidized state before being added. 
This oxidized portion reacts with the hydrogen donator with the liberation 
of CO,. When the amount of phenolic compound added is large then the 
whole of the accumulated hydrogen donator is removed rapidly and the rate 
of CO, output falls to the level corresponding to the rate at which the plant 
cells are able to produce it. When the amount added is small then the rate 
of CO, production gradually attains to a level controlled by the amount of 
phenolic compound present. It is probable that a considerable portion of the 
phenolic compound in aqueous solution is in an oxidized state when the 
966.8 3L 
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instability of these dihydroxy compounds is considered. Catechol itself when 
in aqueous solution, particularly if shaken in contact with the air, becomes 
dark brown through oxidation. The aqueous solutions of the phenolic com- 
pounds are always dark brown in colour even when kept for only a short time, 
and after the solution has been shaken in the side arm of a manometer cup 
at 30° C. for some time it is reasonable to suppose that considerable oxidation 
has taken place. The following observation strengthens this explanation. In 
experiments where an aqueous solution of the extract, which has been allowed 
to stand for many days in the open air before use and has attained a deep 
brown colour, has been added to respiring tissue the CO, output during the 
first twenty minutes reached a very high value while the O, intake remained 
at almost the ‘phosphate only’ value. At the end of this period the O, intake 
value started to rise and gradually attained a maximum value, at which it 
remained constant during the remainder of the experiment. The CO, curve 
fell from its initial high value and attained a constant level such that the R.Q. 
was unity. 

The nature of the agent which binds the CO, in the early stages after the 
addition of the extract is unknown, but it is unlikely that it is in the form of 
bicarbonate as the pH of the solution precludes the formation of this substance 
in any quantity. 

It may be noted that the R.Q. values for the extract and tissue respiration 
experiments as shown in Table V are in excess of unity, being about 1-1. This 
can be ascribed to the CO, liberated by the reaction between the hydrogen 
donator in the tissue and the oxidized phenolic compound in the added 
extract, the oxidized substances not being formed in the course of the experi- 
ment but being already present when the extract was added, so that the CO, 
which is liberated has no counterpart in the O, uptake values. 

The scheme for the respiration of the slices of potato tuber is as follows: 


Total O, intake and CO, output (R.Q. 1:0) 


System involving catechol oxidase (R.Q. 1:0) 
oxidase 
Phenolic body ———————> Oxidized form 


Hydrogen donator 


Intermediate compound which splits off CO, with great ease 
System not involving catechol oxidase (R.Q. 1:0) 


SUMMARY 


The conditions under which the tissue slice and manometric technique of 
Warburg and others can be successfully applied to plant tissues have been 
determined. Details of the work on slices of potato tuber are recorded. Other 
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tissues which have 1 cen used are the fruit of the apple, the roots of carrot 
and turnip, the leaf of Agave sp., the spadix of Arum maculatum, and the 
petiole of rhubarb. Following the methods described, values for the rate of 
respiration of any one tissue on any one day lie within +2: Super cent: 

Using this technique the position of the catechol oxidase system in the 
respiration of slices of potato tuber has been studied. It has been concluded 
that a system involving an oxidase, a phenolic compound, and a dehydrase 
is concerned in two-thirds of the total respiratory gaseous exchanges of the 
slices of potato tuber, those of the remaining one-third are dependent on 
some other system. For both parts the respiratory quotient is unity. The 
oxidized phenolic compound reacts with a hydrogen donator with the forma- 
tion of a substance which splits off CO, with great ease. 
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INTRODUCTION 


, XHE isolation by Archbold and Barter (1935) of a fructosan from the 
leaves of barley aroused special interest in these substances, Accordingly 
Archbold (1938) developed a technique for the estimation of fructosans and 
determined the fructosan content of leaves, stems, and ears throughout the 
life-history of the plant (1938a). Hitherto fructosans had been shown to occur 
(Belval, 1924; Colin, 1925) in stems and ears but not in leaves. Archbold’s 
work shows that these substances are more widely distributed in the plant and 
form a larger fraction of the soluble carbohydrate than was previously realized. 
To ascertain further the role of fructosan it was desirable to determine what 
conditions favour their formation, and attention was therefore directed to the 
effect of mineral deficiency on fructosan content. Archbold (19382) has al- 
ready shown that fructosans are particularly abundant under conditions of low 
nitrogen. In the present investigation the effect of a wider range of nutrient 
deficiency has been studied. Varying levels of potassium and phosphorus and 
of the balance of sodium and calcium have been employed, nitrogen being 
always maintained at a high level. The concentration of the different water- 
soluble carbohydrates has been determined throughout the plant. 
This communication deals exclusively with fructosan metabolism, and only 
such data as are relevant to this question will be considered. 
[Annals of Botany, N.S. Vol. II, No. 8, October 1938.] 
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FIetp ExPERIMENTAL PROCEDURE 


The method of sand culture which has been described in several previous 
publications from this Institute (Gregory and Crowther, 1928; Richards 
and Templeman, 1936) was again employed. The plant used was a pure 
line of barley, variety Plumage Archer, the seed having been sown on May 4, 
1936. For the complete experiment some 700 separate cultures were re- 
quired. The work was carried out in the open at Rothamsted Experimental 
Station. 

The manurial scheme is given in Table I. Three levels of potassium, two 


TABLE I 
Manurial Scheme 


HAK1 HCK:1 LAK1r LCK1 
HAK3 HCK3 LAK3 LCK3 
HAKs HCKs LAKs LCKs5 
where H represents phosphorus at high level 
L a nf reduced to 1/5 


A es high sodium with low calcium 
Cc Ne high calcium with no sodium 
Kr; potash at high level 

<3; », reduced to 1/9 

Cat is Er nares 


Nutrients added (gm. per pot): 
HA LA HC LC 


NaNO, . . - 9749 9°749 — < 
Na,HPQ, - ; 7 9813274 M0255 —_ — 
Na,SO,.10H,O . : — 2°158 —_ — 
Ca(NO;).-4H,O . = — 13535 13°535 
CaH,(PO,),-H,O . as — 1057 °° O"2 11 
€aCl,.6H,O  . O37 0°37 0°37 0°37 
MgSO,.7H,O . et 25 1°25 1°25 1°25 
MnSOQ,.4H,O . =) OrIO o-10 o'10 o-10 
FeCl, d : Soh of UG O15 O15 O15 
Ki K3 Ks 
K,SQ,  .- : . 850 0:206 0023 


levels of phosphorus, and two different sodium-calcium ratios were used 
in all possible combinations, making twelve treatments. This arrangement 
allows a statistical analysis of the various effects and interactions to be made. 
The appropriate nutrient was applied in solution ten days after sowing when 
germination was complete. The plants were watered with tap-water in dry 
weather, while in wet weather leaching and waterlogging was prevented by 
the use of portable transparent screens. A description of the morphological 
characteristics of the plants will be published later; suffice it to say here that 
large differences in growth and well-marked deficiency symptoms appeared. 
Gregory (1937) has summarized much of the available information concerning 
these effects. 
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SuGaR DETERMINATION 


Sampling. Entire plants were sampled on three occasions, the first sample 
being made on June 5-8, when the third leaf on the main axis was mature 
and before stem elongation had occurred. The second was taken on June 
19-24, when the sixth leaf on the main axis was mature, stem elongation was 
at an early stage, and vegetative growth was maximal. The third was taken on 
July 9; stem elongation was then rapid but ears had not yet emerged. Owing 
to lack of material the first sample, for which six plants per treatment were 
required, was not replicated, while in the second and third samples two 
replicates, consisting of three plants each taken at random, were made. Leaves, 
stems, and roots were treated separately. 

In addition to these ‘whole plant’ samples each leaf on the main axis was 
sampled as it reached maturity. A detailed picture of manurial effect through- 
out the growing period is thus obtained. As these single-leaf samples show the 
same general effects of manurial deficiency on fructosan content as do the 
large samples, it is unnecessary to discuss them here. 

Leaves. Leaves were weighed immediately on removal from the plant and 
were then cut into short lengths and killed in boiling alcohol. Subsequently 
they were extracted with cold water and analysed as described by Archbold 
(1938a). Reducing sugars were determined in charcoal-cleared solutions, and 
0-2 N sulphuric acid was used to hydrolyse sucrose and fructosan. Fructosan 
was calculated as 100/88ths of the excess of fructose over glucose produced 
by hydrolysis (Archbold 1938, p. 199), the small percentage of glucose com- 
bined in fructosan being thus included in the estimate. 

Stems. It was found that the cold-water method was not adequate for the 
extraction of stems, especially in the third sample with much lignification. 
When, however, the material was first coarsely ground at least 97 per cent. 
of the total sugar could be extracted. The results of tests with fully lignified 
material are given in Table II. As no mill suitable for grinding such tissue 
quantitatively was available the apparatus described in the appendix to this 
paper was devised. It appears that extraction is facilitated if the material has 
previously been kept in alcohol for a lengthy period. The tests recorded in 
Table II were carried out on material which had remained in alcohol for 
only a short period, consequently the errors shown are maximal. Apart from 
the milling process stem material was extracted and analysed by the same 
methods as were leaves. 

Roots. Roots were washed free of sand, drained of superficial water, then 
preserved and analysed by the same method as used for stems and leaves. 
In many cases, especially in the first two samples, the increase in glucose after 
hydrolysis with 0-2 N acid exceeded the increase in fructose. In some cases 
excess of glucose was greater than the total fructose set free by hydrolysis. 
Consequently it was impossible, by the methods employed, to obtain any 
estimate of fructosan, and no analytical data for roots will be presented in this 
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paper. The presence of a fructosan in certain treatments was, however, 
established, but it will be necessary to distinguish between sucrose and other 
substances which yield glucose on hydrolysis before this question can be 


TABLE II 
The Effect of Grinding on the Extraction of Sugars from Barley Stalks 
Sugar Extracted Percentage 
left after 
Ist 
I. II. Total. extraction. 
Material crushed before 1st extraction: 
iW os : 10°75 ols 10°90 1°4 
1 oe . 9°36 0°28 9°64 2'9 
Material not crushed before 1st extraction: 
Cc. . 7°94 2°19 10°13 21°7 
Dire : 7°35 2°84 10°19 27°8 


I. 1st extraction: material shaken with water for three hours. II. 2nd extraction: 
material dried and finely milled before shaking with water. 


elucidated further. It has been shown that the substance in question is not 
starch. 

In contrast with leaves and stems the roots showed a relatively high reducing 
sugar content, amounting, on the average of all treatments, to more than 50 
per cent. of the total sugar present. Consequently, even if a large proportion 
of the fructose yielded by hydrolysis was derived from fructosan, the ratio of 
fructosan to total sugar in roots would be much lower than in stems. The 
present evidence suggests that fructosan is more abundant in the low phos- 
phorus treatments and accumulates between the second and third samples. 
These indications in roots are similar to the effects found in stems and leaves 
which are described below. 


EXPERIMENTAL Data 


The analytical results are given in Table III, fructosan and total soluble 
sugar being expressed as percentages fresh weight. The ratio of fructosan 
to other sugars is also given. The data for the replicated samples have been 
analysed statistically (see Table VIII) and only such effects as are statistically 
significant will be considered. The first sample being unreplicated was omitted 
from the statistical analyses and will be disregarded in this discussion except 
when the mean effect of sampling date is considered. As the effect of treat- 
ment is in general similar in leaves and stems it is convenient to examine the 
two sets of data together. 


A. Concentration of fructosan. 


The mean effects of the factors are shown in Table IV. It will be seen that 
fructosan level is markedly lowered by potassium deficiency, particularly in the 


869 


ummissejod Moy = Syyz 
umisse30d umtpayy = £37 


: tunpyed Yat = 5 
umissejod ysipy = ry 


stuoydsoyd mory = 7 
uinipos U3IH = V 


snioydsoyd yay = yy 


in Plant Nutrition. IX 


1es 


al Studi 


ologic 


LY St 


Russell—Ph 


siB8ns 19430 0} uesojoNUy jo onvy = 3 zeBns (2/qQnIos) [eo 7, = ASA i uEsO}ONIA = Joni 
gI.0 of.r 61.0 £z.0 LL. z£.0 6L.0 £9. Lit 8z-0 1Z.€ £L.0 
£Z.0 €g.r S£.0 60.0 16.1 gI.0 69.0 Qz-Z 16.0 ZZ.0 16.2 £S.0 ££.0 1f.1 ££.0 6z.0 61.z 18.0 
$b. 83-4 98-2 64.0 £S.¢ gr.z go.I gl.£ 66.1 L£.0 fz. $1.1 
00.1 oL.b £f.2 S.0 ez. $9.1 76.0 9L.€ eos $z.0 go.F one ££.0 96.0 $z.0 67.0 62.z zS.0 
93-1 Z1.b 69.2 6L.0 Ze.€ L¥.r bb.1 $6.€ St.z 69-0 gz.€ et.r 
Lz.1 89-+ Zg.z 9S.0 gg-£ If.1 go. 1 89-2 I¥.1 gI.0 $g.z gf.0 0S.0 23-0 67.0 II.0 z6.1 61.0 
TZ.0 00.1 gI-0 $z.0 QgI.I £z.0 8Z-0 16.0 02.0 $7.0 66.0 07.0 
zl.0 0g. $4.0 61.0 16.1 of.o — £9.0 00.0 —_ 61.0 00.0 ~_ 95:0 00.0 $z.0 648.0 gt.0 
6+.0 60.2 0L.0 — 0.E 00.0 64.0 €g.1 0g.0 0 0.2 F1.0 
ze.1 6.2 go. z-0  8=—LZ.E Z.0 zl.o 1 08.0 0.0 £2 01.0 gz.0 gg.0 61.0 — $L.0 00.0 
gl.1 ZE.g £v.€ 8-0 Sv FL.z 26.0 Zz. LOT 82-0 Iz Leo 
93-1 zg.S OL.E $3.0 ¥.S zS.z ¥S.0 oS.1 SS.o 81.0 9-1 $z.0 _ 64.0 00.0 81.0 gl.r Lz.0 
— gz-1 00.0 o1.0 8 £S.1 V1.0 “- £o.1 00.0 — Lo: 00.0 
— £6.0 00.0 —_ 98.1 00.0 +0.0 te £0.0 —_ ¥L.1 0 00.0 60.0 Ir Fo oL.0 96.2 1S.0 
ez.1 00.4 61.2 S¥.0 $o.€ $6.0 — gt-z 00.0 —_— $9.2 00.0 
g6.0 £g.£ aie $00 $1.2 o10 Zzr.o 09.1 £1.90 — $Z.z 00.0 110 68.0 60.0 of0 ztz 6L.0 
QS.1 S¢.S It.€ It.o 66.2 93-0 61.0 O1.r 1.0 gI-0 1L.0 $z.0 
63.0 10.5 1¢.z Sz.0 Ig.% LS.0 gI.0 6.0 1.0 8 6¥1.0 o£.r $1.0 — 19.0 00.0 — ghz 00.0 
—_— 4.0 00.0 $0.0 $9.0 £0.0 —_— L.0 00.0 £z.0 1-0 $1.0 
— $.0 00.0 — £L£.0 00.0 — 8f.0 00.0 ozo $0 01-0 99.0 $$.0 zz.0 6n.0 L9.0 11.0 
St.o ZI 6£.0 — tL.o 00.0 02.0 OZ.I oz.0° + +1.0 61.1 F1.0 
63.0 SE.z o1.1 Z0.0 = ZO. 20.0 £z.0 10.1 61.9 of.0 £f.1 Z1.0 Sf.0 £6.0 7.0 91.0 $Z.1 81-0 
9g-t Iv.S Or.€ 7° $9.z 90.1 £g.0 Sv.z Int 6+.0 S$.z rg 
ger SgS LEE Sto hz 98.0 €£¢.0 18:05 95.0) 9 ez0> | et.zery.o MTom Tz6o lLz6 87-0 Loz  St.o 
J ‘SL “pny J ‘SL “pny Ps ‘SL ‘pry 3 ‘SL “pny 3 ‘SL ‘pny 3 ‘SL ‘pay 


SAAVE'T 
ae es eae 


TIdNVYS GUurH,L 


SW3LS \ SHAVE'T 
: LOTS 


aIdNVS GNOoag 


SWaLS SHAVa'T 
— 5 


HIAVS Ls 


jung Kasvg fo avdng 040, puv upsozmnay fo (2ystayy ysassz /, 
II] #TaVvy, 


) suongvsquaquoa 


870 Russell—Physiological Studies in Plant Nutrition. LX 


stems. Phosphorus deficiency causes fructosan concentration to increase, the 
relative increase being greater in leaves. A smaller increase 1s shown by the 
high calcium over the high sodium treatments. Especially in stems, fructosan 


TaBLe IV 


Mean Effect of Various Factors on Fructosan Concentration 
(% Fresh Weight) 


Potassium Phosphorus 
Leaves. Stems. Leaves. Stems. 
High . 0°93 2°02 High . 028 0°86 
Medium 0°53 1°19 Low . 082 1°44 
Low . o18 0°24 
Sodium-Calcium Balance Sampling Date 
Leaves. Stems. Leaves. Stems. 
High sodium . 0°45 I-ol 1st sample . 0°31 oD 
High calcium. 0°65 1°29 2nd sample . 0°34 0°65 


3rd sample . 0°75 1°65 


concentration increases up to the last sample. It will be noted that after the 
first sample fructosan concentration is higher in stems than leaves. 

The various significant interactions for leaves and stems are shown in Table 
V. The interactions involving potassium are given in the upper part of the 


TABLE V 


Fructosan as Percentage Fresh Weight: Significant Interactions in 
Leaves and Stems 


I. Interaction of potassium with sodium-calcium balance. 


Il. . potassium with sampling date. 
III. % potassium with sodium-calcium balance and sampling date. 
IV. § phosphorus with sodium-calcium balance. ? 
V. 5 phosphorus with sampling date. 
VI. phosphorus with sodium-calcium balance and sampling date. 
High Medium Low 
potassium potassium potassium 
Leaves. Stems. Leaves. Stems. Leaves. Stems. 
I bien sodium . - . 1°07 2°17 0-16 0°73 O12 O°14 
High calcium . : : : 0-78 1°89 0°96 1°65 0°24 0°33 
ll | Second sample - , 5 0°50 0'92 o-31 o'75 0°22 0-29 
Third ,, a . 1°35 3°13 0°76 1°64 O'15 0-18 
Second sample high sodium . 0°48 0°82 or12 0°50 Ovlr 0°05 
high calcium . 0°52 1°02 0°50 1°00 0°32 0°53 
Third high sodium . 1°65 3°51 o'19 0°97 0°13 0°23 
2 high calcium . 06 76 : “31 16 . 
g I 2°7 1°34 2°3 orl O'1g 
High Low 
phosphorus phosphorus 
Leaves. Stems. Leaves. Stems. 
IV | High sodium : : Oat 0°86 0°59 1°16 
High calcium : : Oss 0°85 1°05 1°72 
Second sample : : os S o°21 0°50 ro 
Vv : 5 9 
Third sample 0°38 1°51 1'l4 1°80 


high calcium. 0°07 0°08 o'81 1°61 
Third 4 ie sodium . 02325 8 1°30 0°99 1°76 


ae sample high sodium . — 0°28 0°34 Ord 0°57 
high calcium. 0°43 1°63 1°28 1°84 
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table, the other interactions being given below. The numbering of the various 
sections of the table corresponds to the numbering of the following paragraphs. 
Three interactions which are significant, though not highly so, in leaves alone 
are considered later. 

(i) Potassium and the sodium-calcium balance. The lowering of fructosan level 
due to extreme potassium deficiency is much less in the high calcium than the 
high sodium treatments. Medium potassium deficiency causes a marked reduc- 
tion in the high sodium treatments, but in the high calcium treatments a small 
increase is found in leaves and a small decrease in stems. Consequently the 
general level of the high calcium treatments is higher than that of the high sodium 
treatments, although at the high potassium level the high sodium values are 
greater. 

(1) Potassium and sampling date. With advancing age the lowering in 
fructosan level due to potassium deficiency becomes more marked. 

(ii1) Potasstum, sodium-calcium balance, and sampling date. In treatments 
with high calcium and low potassium there is a marked decrease in fructosan 
between the second and third samples, while in the remaining treatments there 
is a considerable increase, especially at the high potassium level. The inter- 
action of age and potassium deficiency (see (ii) above) is now seen to be most 
marked in the high sodium treatments. In leaves the medium potassium value at 
the high calcium level exceeds the high potassium value in the last sample only. 

(iv) Phosphorus and the sodium-calcium balance. The effect of phosphorus 
deficiency leading to increase in fructosan content is greater in the high calcium 
than in the high sodium treatments. Hence, whereas at the high phosphorus 
level fructosan content is little affected by the sodium calcium balance, under 
low phosphorus the high calcium treatments show markedly higher values. 

(v) Phosphorus and sampling date. In leaves the effect of phosphorus level 
is greater in the third than in the second sample; in stems, on the other hand, 
phosphorus occasions maximum differences in the second sample. Thus 
whereas in stems the accumulation of fructosan between the second and third 
samples is encouraged by high phosphorus, in leaves low phosphorus causes 
a greater accumulation. 

(vi) Interaction of phosphorus, sodium-calcium balance, and sampling date. It 
has already been shown ((iv) above) that the effect of phosphorus is greater with 
high calcium than with high sodium, and ((v) above) that this effect changes 
markedly between the second and third samples. The present interaction 
shows these two effects to be interdependent. For leaves of the high sodium 
treatments fructosan level is, at the time of the second sample, greater at the 
high phosphorus level. This is the only case in which phosphorus deficiency 
fails to cause an increase in fructosan level. In the high calcium treatments, on 
the other hand, leaves of both samples show a similar increase due to phosphorus 
deficiency. A different relation holds in stems, in which the increase of fructo- 
san due to phosphorus deficiency in the high calcium treatments is especially 
marked in the second sample and much diminished at the third sample. In 
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stems the high sodium treatments show a much smaller effect of phosphorus 
deficiency at the second sample and aslightly greater effect at the third sample. 
In addition to the effects discussed above, the interactions of potassium with 
phosphorus, of potassium with phosphorus and the sodium-calcium balance, 
and the interaction of all factors together are all significant, though not highly 
so, for leaves alone. At the low phosphorus level the values for potassium 
deficient leaves are much higher relative to the high potassium values than at 
the high phosphorus level (HK1 0:62; HK3 0-17; LKr 1:23; LK3 0-91). 
This differential effect of phosphorus on the symptoms of potassium deficiency 
is especially marked in the last sample and in the high calcium treatments; 
consequently the three interactions referred to above are all significant. 


B. Ratio of fructosan to other sugars. 


The significant effects and first order interactions of factors on the ratio of 
fructosan to other sugars are shown in Table VI. A comparison of this table 


TABLE VI 


Ratio of Fructosan to other Sugars: Significant Effects and First Order 
Interactions in Leaves and Stems 


A. Mean effects of factors 


Potassium Phosphorus Sampling Date 
Leaves. Stems. Leaves. Stems. Leaves. Stems. 
High . 0-45 1°13 High. 0°17 0°48 First sample . org 0°22 
Medium o-19 0°74 Low . 0°34 0°90 Second sample o-19 0°48 
Low . o13 0'20 Third sample 0°33 0-90 


The mean effect of the balance of sodium and calcium is not significant, 


B. First order interactions 


I. Interaction of potassium with sodium-calcium balance (significant only for leaves). 
I A of potassium with sampling date. 


Ill. - of phosphorus with sodium-calcium balance (significant only for leaves). 
IV. ss of phosphorus with sampling date. 
High Medium Low 
potassium potassium potassium 
Leaves. Stems. Leaves. Stems. Leaves. Stems. 

I [ise sodium . 5 F SEO:SO — 0°08 — Orls — 
High calcium . re : - 0°40 — O31 — O12 — 
Second sample : . a Che 0°70 Or12 06 orl o'r 

ha eae 9 4 5 5 

Third sample . 9 : oro OE 1°56 0°27 0°84 O12 0°24 

High Low 


phosphorus phosphorus 
Leaves. Stems. Leaves. Stems. 


Ill High sodium : : O21 — 0°27 — 
High calcium j : = nocrs —_ o°41 _— 
IV fccons sample z ns ay Oe o°18 0723 o°77 
Third sample 3 Sy uss 0:20 o'77 0°46 1°03 


with Tables IV and V shows that, in general, fructosan concentration and 
fructosan ratio are affected similarly by treatment. There are, however, 


' H = high phosphorus; L = low phosphorus; K, = high potassium; K, = medium 
potassium (see Table I). 
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certain differences, the most important being with respect to the balance of 
sodium and calcium, the mean effect of which is significant for concentra- 
tion only. The similarity of the effects of the other factors and of the more 
important interactions for the two types of data indicate that there is an 
inter-relationship between concentration and the partition of sugar between 
fructosan and other sugars. Further evidence for this is advanced below. 


STATISTICAL ANALYSIS 


The significance of treatment effects and interactions on the concentration 
of fructosan and the ratio of fructosans to other sugars was determined by the 
Analysis of Variance. The analysis is given in Table VII, values of Z being 


TaBLe VII 
Analysis of Variance: Values of Z 
Only significant values are included 


Degrees Concentration | _Fructosan 5 per 


5 I 

of of fructosan. Other sugars’ Gent. ek 

freedom. Leaves. Stems. Leaves. Stems. point. point. 

Potassium : : 2 1°7370 2:4280 1°5926 2:0266 0:6126 0-8626 
Phosphorus ey Che : I 19555 1°8540 1°4535 1°7751 0°7246 1-0285 
Sodium-calcium balanc I 09605 = 1'1025 — = O:7 24 ONNI-O205 
Sampling date I 16914 2°3941 12779 1°7711 0°7246 1 0285 
Potassium/phosphorus 2 0°6528 — == — 06126 0:8626 
Potassium/sodium- 2 13908 =1°3383_ 0'9208 — 06126 08626 


calcium balance 
Potassium/sampling date 2 18293 1°9903 0°9203 1°3090 0°6126 0°8626 
Phosphorus/sodium- I 2107" 113981 1:0405 Sa OU 4 Om IcO205 
calcium balance 
Phosphorus/sampling date 1 10167 1°1640 0°7024 0'8258 0:7246 1:0285 
Sodium-calcium balance/ 1 — — — 
sampling date 


Potassium/phosphorus/ 2 0°7477 i ae — 0:6126 08626 
sodium-calcium balance 

Potassium/phosphorus/ 2 — — — — — — 
sampling date 

Potassium/sodium-calcium 2 08914 1:0752 0:6762 — 06126 0°8626 
balance/sampling date 

Phosphorus/sodium- I 0°7823 1'0289 0°6348 1°7998 0°7246 1:0285 


calcium balance/ 
sampling date 


Potassium/phosphorus/ 2 0°7078 — — — 06126 0:8626 
sodium-calcium 
balance/sampling date 
Error ‘ d 24 
Total : : 47 
shown only where they are significant. It should be pointed out that the 
analysis of variance is not rigidly applicable to the type of data here presented 
as there is a greater variability at the lowest potassium level than elsewhere. 


The method, however, is adequate for the present purpose. 
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To evaluate the effect of concentration on the partition of sugar between 
fructosan and other sugars the regression coefficients of fructosan ratio on total 
sugar have been calculated for both leaves and stems of the second and third 
samples (Table VIII). The regression lines are shown in Fig. 1. The re- 
gression coefficients are highly significant for the two stem samples and for the 


TaBLe VIII 
Fructosan 
Other Sugars 


6 = regression coefficient. 


Regression Coefficients of Ratio against Total Sugar 


b t p 
Leaves II (second sample) . 0068 070 >0-4 
Leaves III (third spo a $ORLGKE = GPRS GRO 
Stems II (second ce eee O3.04: 8:09 <o-oI 
Stems III (third ae) O-3,.1 6 9:83) <= 0-08 


Comparisons: Leaves II and leaves III 1-05 >03 

Stems II and stems III 086 >0-4 

Leaves I] and stems II 2:73 <o-02 

Leaves III and stems III 3:63 <o-or 
later leaf sample (Table VIII). There is no significant difference between the 
regression coefficients of the two leaf samples or the two stem samples, but 
there are significant differences between the regression coefficients for leaves 
and stems on both occasions. 

The analysis of covariance has been employed to determine whether the 
concentration of total sugar is the sole factor determining the ratio of fructosan 
to other sugars. The analysis of covariance enables the effect of the indepen- 
dent variate (total sugar in this case) to be eliminated so that the specific 
effect of treatment on the dependent variate (the ratio of fructosan to other 
sugars) may be evaluated. The analysis is given in brief in Table IX. Manurial 
treatment has no significant direct effect on the partition of sugar in stems, 
though the effects of sodium-calcium balance and phosphorus fall only 
slightly short of the level of significance. Inthe leaf sample, on the other hand, 
the direct effects of both potassium and sodium-calcium balance are signi- 
ficant. 


DISCUSSION 


The investigation described in this paper is part of a coordinated series 
of investigations of the effects of manurial nutrition on the growth and meta- 
bolism of the barley plant. The effects of a wide range of nutrient deficiencies 
have been studied, the manurial treatments employed in the present investiga- 
tion being selected to show marked effects on growth and metabolism. For a 
comprehensive survey of the results at present available reference should be 
made to the recent review of Gregory (1937). The scope of the present 
communication is limited to a consideration of the conditions favouring the 
formation of fructosan, but as it is impossible to discuss one metabolic process 
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without reference to other closely related processes frequent reference will 
be made to the results cited in the review and elsewhere. 

The level of sugar within the plant is determined by the balance between 
the rates of carbon assimilation and the rates of the various metabolic processes 


TaBLe IX 
Fructosan 


Analysis of Covariance: Ratio ———_—_ 
nalysts of Covariance: Ratio OumrSiouis 


and Concentration of Total Sugar 


The values for mean square and Z are included only where this effect is significant 
or nearly so. 


Leaves. Stems. 
ce cc FF 

Degrees Sum _ Corrected Sum _ Corrected 5 per 

of of mean of mean cent. 

Freedom. squares. square. Z. squares. square. Z. ‘point. 
Potassium . 2 0°452905 O°'2251 1°351 O-18I0I5 == = 07615 
Phosphorus. . 1 0033309 — —  0°505634 0°19638 0:696 0:729 
Sodium-cal- I O°301100 0:0658 0°738 0°386990 0°13745 0566 0729 

cium balance 
Sampling date I 0101927 Thess — 0°'002431 — = O>720 
Error . : 23 0°345290 0:0138 1°123237 0°048836 


Sum of squares calculated as } (y—bx)?, where > y* = sum of squares for fructosan 
ratio, > x? = sum of squares for total sugar, and b = regression coefficient. Mean 
square corrected by the method of Yates (1934). 


in which carbohydrate is utilized. This is clearly illustrated in the growth of 
the barley plant, in which the minimal concentration of sugar occurs when the 
rate of meristematic growth (i.e. tillering) is maximal (Gregory and Baptiste, 
1936; Archbold, 1938a). Subsequently meristematic activity declines and 
sugar concentration rises (i.e. third sample). At a later stage polysaccharide 
synthesis is associated with the elongation of the stem and the development 
of the ear and the sugar content of the plant again declines (Archbold, 19384; 
Barnell, 1936). The accumulation of sugars gives therefore no evidence of 
increased assimilation or of the hydrolysis of previously formed carbohydrates, 
but shows rather that the production of sugar by assimilation is temporarily 
in excess of the requirements of the various metabolic processes in which carbo- 
hydrate is utilized, namely respiration and meristematic activity with the 
associated processes of protein and polysaccharide synthesis. In the light of 
these considerations the known effects of manurial deficiency on the level of 
fructosan and other sugars will be examined briefly. 

Potassium deficiency. There is considerable evidence both in the results 
here presented and in earlier work (Shih, 1936; Russell, 1937) that the effects 
of potassium deficiency in the presence of high sodium differ markedly from 
those developed in the presence of high calcium. Potassium deficiency in the 
presence of high sodium causes a marked reduction in the level of all sugar 
fractions (Gregory and Baptiste, 1936; Gregory and Sen, 1937). It has been 
shown that these plants are characterized by a greatly reduced assimilation 
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rate, and a considerable increase in respiration rate and tiller production 
(i.e. meristematic activity) (see Gregory, 1937, for references). As a result 
of these effects the concentration of soluble carbohydrates is low. Potassium 
deficiency in the presence of high calcium results in an increased sugar concen- 
tration in the early leaves and in a decreased concentration in the later leaves 
(Janssen and Bartholomew, 1930; Russell, 1937). The initial increase due to 
this type of potassium deficiency results from a marked curtailment of vege- 
tative growth associated with an assimilation rate only slightly lowered. Ata 
later stage the assimilation rate of the potassium deficient treatments decreases 
very rapidly and translocation of sugar to the roots is high, as shown by the 
increased ratio of roots to tops (Shih, 1936); thus the concentration of sugar is 
lowered, though not as markedly as in the high sodium treatments. The data 
of the present investigation show that fructosan content is affected by potassium 
deficiency even more markedly than is total sugar. Not only the concentration 
of fructosan but also the ratio of fructosan to other sugar is lowered. This 
effect is greater in the high sodium than in the high calcium treatments. 

Phosphorus deficiency. Vegetative growth is greatly restricted by phosphorus 
deficiency and at the level used assimilation is unaffected (see Gregory, 1937). 
‘These treatments are characterized by a high level of soluble carbohydrates. The 
present data show that in general the accumulation of fructosan is particularly 
marked, the ratio of fructosan to total sugar being much increased. Further 
effects of phosphorus deficiency are discussed by Richards (1938). 

Nitrogen deficiency. In nitrogen-deficient plants protein synthesis is much 
reduced and vegetative growth is consequently curtailed. Assimilation rate is 
unaffected and carbohydrates again accumulate. Archbold’s (1938a) results show 
that the carbohydrate accumulated under these conditions is largely fructosan. 

This survey of the effects of manurial deficiency on fructosan content in- 
dicates clearly that treatments which cause a supernormal concentration of 
sugar result in an increase of the ratios of fructosan to other sugars. 

Archbold (1938a) has found that the sugar accumulation in leaves and stems 
resulting from the removal of ears is also associated with the formation of a 
high proportion of fructosan. This accumulated sugar represents material 
which, for the time being, is not utilized in metabolism and it was therefore 
suggested by Archbold that there is a tendency for temporarily immobilized 
carbohydrate to be converted to fructosan. 

In Fig. 1 the ratio of fructosan to other sugars is plotted against the con- 
centration of total sugar. Regression coefficients have been calculated and, 
except for the earlier leaf sample, they are very highly significant (Table VIII). 
This shows clearly that the partition of soluble carbohydrate between fruc- 
tosan and other sugars is largely, if not entirely, controlled by concentration. 
The statistical methods described on p. 874 have enabled the independent 
effects of concentration and manurial treatment on the ratios of fructosan to 
other sugars to be determined. It is shown (Table IX) that in stems there is 
no significant direct effect of manurial treatment, so that sugar concentration 
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is the sole factor which determines the ratio of fructosan to other sugars in 
stems. In leaves, on the other hand, significant effects of the sodium-calcium 
balance and of potassium are found. Thus in leaves we may distinguish two 
types of effect of manurial treatment on the ratios of fructosan to other sugars, 
namely, a direct effect, and an indirect effect resulting from the changes in 
sugar concentration. An examination of the data discloses that the direct effect 
of potassium deficiency is to lower the fructosan ratio and that the ratio is 
higher with high sodium than with high calcium for the same concentration 
of total sugar. While it is not possible fully to explain these direct effects the 
following considerations are of interest. The respiration of leaves is known 
to be greatly increased by potassium deficiency (see Gregory, 1937, for refer- 
ences), and it is possible (Onslow, 1931) that fructose is preferentially respired. 
This should lead to a reduced ratio of total fructose to total glucose in the 
potassium deficient treatments and as a result the ratio of fructosan to other 
sugars would be lowered. As in stems the rate of respiration is much lower 
than in leaves the effect of potassium would be expected to be found in leaves 
only, and this has been shown to be the case. The role of the balance of 
sodium and calcium in determining the partition of sugar is obscure. In the 
present investigation the effect is significant in leaves only, but falls only 
slightly short of the level of significance in stems, so that it is possible that a 
more sensitive technique would reveal a significant effect there also. 

It will be noted that in both leaves and stems sampling date has no direct 
effect on the ratio of fructosan to other sugars (see Tables VIII, IX). The 
increase in ratio of fructosan to other sugars between the second and third 
samples (Table VI) is thus proved to be due solely to increase in concentration 
of total sugar. For any given level of sugar it thus appears that in both leaves 
and stems a constant and characteristic ratio is found between fructosan and 
other soluble sugars. The significant difference between the values for the 
regression coefficient of stems and leaves in both samples (Table VII) shows 
that for a given level of total sugar a higher ratio of fructosan to other sugars 
obtains in stems than in leaves. ‘This is probably due to the fact that the rapid 
translocation of sugars away from the leaves prevents fructosan, a secondary 
product, from reaching a high level in the leaf. Fig. 1 shows that the regres- 
sion lines do not pass through the origin. Except in the first leaf sample where 
the regression coefficient is not significant, the regression lines cut the abscissa 
at points corresponding to a total sugar concentration of about o-5 per cent., 
indicating that when the concentration of total sugar is below this level no 
fructosan is formed. 

The above considerations show that within the limits of concentration here 
observed the linear relationship is an adequate expression of the balance of 
carbohydrate. ‘The comparatively simple effect of manurial treatment on the 
partition of total sugar is in marked contrast with the complex interactions 
which affect concentration, and suggests that stored sugars tend to equilibria 
controlled by factors, presumably enzymatic, which are relatively unaffected 
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by manurial deficiency. On the other hand, the concentration of sugar is 
determined by the balance of metabolic processes which show a very marked 
response to manurial treatment. 


SUMMARY 


Barley plants were grown in sand culture under twelve manurial treatments, 
comprising various levels of potassium, phosphorus, and the balance of sodium 
and calcium. 

Separate extracts of fructosan and the other water-soluble carbohydrates 
in leaves and stems were made on three occasions during the development of 
the plant. 

To facilitate the extraction of stems prior to analysis a grinding mill was 
devised, a description of which is given (see appendix). 

The effects and interactions of manurial treatment on fructosan content 
are discussed; it is shown that the concentration of fructosan is lowered by 
potassium deficiency, especially in the high sodium treatments. Deficiency 
of phosphorus increases the level of fructosan. 

The ratio of fructosan to other sugars is in general affected by treatment 
in the same way as is the concentration of fructosan. 

Statistical analyses show that in stems this ratio is entirely dependent on 
the concentration of total sugar, the ratio being high when the concentration - 
of total sugar is high. In leaves a similar relationship holds, but in addition 
potassium deficiency and the balance between sodium and calcium show 
effects independent of concentration charges. 

For a given concentration of total sugar the fructosan ratio is higher in 
stems than in leaves. This, it is suggested, may be a result of rapid trans- 
location from the leaves. 

The relationship between concentration of fructosan and its ratio to other 
sugars appears to be independent of the age of the plant in both leaves and 
stem during the period of vegetative development. 

The results here presented are compatible with the view that surplus sugar 
is temporarily stored as fructosan. 


This investigation was undertaken at the suggestion of Professor F. G. 
Gregory, to whom the writer is deeply indebted for constant advice and stimu- 
lating encouragement. He desires to express thanks also to Dr. H. K. Arch- 
bold for advice on analytical methods, to Mr. F. J. Richards for advice on 
field experimental methods, and to Mr. W. E. Montgomery for assistance 
with the analytical work. 


APPENDIX 
A Grinding Mill for Quantitative Work 


A description of the mill constructed for grinding barley stems is given here, 
as the instrument should be of use in other processes when it is necessary to 
grind fresh or wet material without loss of leaves or fluid. The principle 
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employed is a modification of that used by Dutcher and Laudig ( 1924) for 
soft tissue. The apparatus here described is specially suited for treating ligni- 
fied or other hard material. 

The construction of the mill is shown in the accompanying diagram and 
photographs (Figs. 2-4). ‘The material is ground in the narrow space between a 
rotating cone (a) (see Fig. 2), and its outer casing (d) which remains stationary. 


fort SY 4a ns ‘ 1 Cms. 


Scale: ¢ 


Fic. 2. Diagrammatic section of grinding mill. For details see text. 


Both are solidly built of gun-metal. The cone (a) is secured by a lock screw (c) 
toa spindle (5) which is rotated at the speed of 50-60 r.p.m. by a small electric 
motor with gear-box and chain drive. The hollow stem (e) of the outer casing 
(d) is mounted on an iron plate (f) on which it is prevented from rotating by 
means of a key and key-way. Vertical adjustment is possible by turning the 
large nuts (4) and (7), whereby the distance between the two grinding surfaces 
may be altered. A strong spring (k) provides a slight degree of play which 
ensures the smooth running of the mill. Four rigid bronze pillars (g) support 
the plate (f). The mill is fed through the hollow stem (e) of the outer casing, 
a detachable funnel (/) being employed. 

Both grinding surfaces are provided with sharp-edged grooves which con- 
stitute two orthogonal spiral systems (see Fig. 4). The cone is scored with 
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Fic. 3. General view of grinding mill. For details see text. 


Fic. 4. Grinding mill: The grinding cone and its outer casing, showing sharp-edged 
cutting grooves. 


two principal spirals which taper downwards and provide at the top two large 
openings into which the coarsely cut stems enter readily. Once engaged in 
the spirals, the material is drawn down by friction and is disintegrated by the 
action of the opposed systems of sharp-edged grooves. The fine spirals of 
the cone complete the pulping and the material emerges in a finely shredded 
form into an annular receiver (m) (see Figs. 2 and 3), which is secured to the 
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outer casing of the mill by two screws (p...p) (Fig. 3). An outlet (n) permits 
fluid and the finer fragments to pass out. It is convenient to employ a metal 
plunger to press the material down the stem (e) of the outer casing until it 
engages with the spirals of the cone. After use the mill is washed with small 
amounts of water while the cone is still rotating. The mill is then dismantled 
and the receiver is emptied. A 50 gm. sample can be dealt with in five minutes, 
for larger samples a bigger receiver with a wider outlet would be an advantage. 


The writer is endebted to Mr. W. Shaw, technician to the Botany Depart- 
ment, Imperial College, for much valuable assistance, and to the Unicam 
Instrument Company, Cambridge, who constructed the greater part of the 


mill. 
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The Size of the Chloroplasts in Eupolyploid Forms of 
Nicotiana and Solanum 


BY 


DONTCHO KOSTOFF 
AND 
APOLLO ORLOV 


(Institute of Genetics, Academy of Sciences, Moscow) 


| Eee in plants conditions a series of hereditable changes. 
Some are ‘directed’, others are not. Directed, hereditable variations in 
plants which show an increase with the euploid increase of the chromosomes 
are: (1) the amount of the nucleolar substances (number of nucleoli, size, or 
both), (2) the size of the nuclei, (3) the amount of cytoplasm, (4) the volume 
of the cells, (5) the breadth of the leaves, and (6) the size of the seeds or of 
grains (Kostoff, 1938). With the euploid increase of the chromosomes the 
vegetation period (the period between sowing and flowering) is usually pro- 
longed. Characters like the size of the plants and the size of the flowers are 
also influenced by the euploid chromosome alterations, but there is no cor- 
relation between euploid chromosome alteration and the expression of these 
characters. In some cases the size of the plant increases with the euploid 
increase of the chromosomes, in other cases it decreases. The size of the 
flowers (corolla, calyx, &c.) vary in a similar way (Kostoff, 1938). 

The chloroplasts seem to behave differently from the characters mentioned 
above. This is at least true for the higher plants, especially for Nicotiana and 
Solanum polyploids which we have studied. 

According to the observations reported by Gerassimow (1902), the spiral 
chloroplast ribbons of Spirogyra cells with two nuclei or with increased 
nuclei (probably polyploid) became ‘um die Kerne herum breiter, starker 
geschlangelt, mit einem mehr lappigen Rand, an den Enden der Zellen aber 
sind sie schmaler, und ihr Rand ist einfacher. Daraus folgt mit Sicherheit, 
dass der Kern einen Einfluss auch auf die Entwicklung der Chlorophyll- 
bander ausiibt’ (p. 248). Even after a year cells with enlarged nuclei had a 
larger number of chlorophyll bands. The average number of the chlorophyll 
bands in normal cells were eight, while in the cells with larger nuclei they 
have been on the average twelve, and in the binucleate cells on the average 
thirteen. Similar conditions have been found in Zygnema (Gerassimow, 
1905, p. 51). Winkler (1916) studied the size of the chloroplasts in diploid 
and tetraploid Solanum nigrum and S. Lycopersicum. Exact measurements 
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were not carried out, but he drew a few chloroplasts (pp. 460, 465) from each 
form and made the following generalization: ‘Die Chlorophyllkérner und 
auch die Leukoplasten sind nimlich in den Zellen der Gigasform grosser als 
in entsprechenden Zellen der Stammform.’ This was only a general impres- 
sion as he mentions later in his paper. The statement made by Winkler 
(1916) has been referred to in some more recent investigations. In the cases 
where data have been found contradictory, very cautious conclusions have 
been drawn. Schweizer (1923), for example, studied the chloroplasts in haploid 
and diploid Splachnum sphaericum and concluded: ‘Merkwiirdigerweise 
erreichen die Chloroplasten knapp die Grésse derjenigen des haploiden 
Protonemas’ (p. 40). Consequently he refused to use them as an indicator 
of eupolyploidy. Wettstein (1923, 1925) studied the size of the chloroplast 
with the euploid increase of the chromosome numbers in mosses and stated: 
‘Schliesslich wird die Zahl der Chloroplasten erhéht, ihre Grésse bleibt aber 
nach bisherigen Beobachtungen unverandert.’ And further: ‘In diesem Punkte 
stehen die Moose in einem gewissen Gegensatz zu plurivalenten Bliiten- 
pflanzen wie Solanum nach den Beobachtungen von Winkler 1916’ (p. 21). 

Kostoff and Kendall (1934) studied the size of the chloroplasts in a tetra- 
ploid tomato and their measurements showed ‘that the chloroplasts are not 
larger in the tetraploid plants; if any difference, there is a tendency to a 
smaller size than in the diploids. Strangely enough, then, the results agree 
with those obtained in the mosses, but disagree with those obtained by 
Winkler in another race of the same species of plant (Solanum Lycopersicum)’ 
(p. 34). 

Considering the existing discrepancies upon this question we started this 
work on a large scale, investigating a series of experimentally produced auto- 
polyploid and allopolyploid plants and parental species of the allopolyploids, 
some of which, as Nicotiana rustica, represent natural allopolyploids. Poly- 
ploid forms, measured, were experimentally obtained in our laboratory 
(Kostoff, 1935, 1938; Kostoff and Kendall, 1934). Diploid and autotetraploid 
N. glauca were kindly supplied by G. D. Pratessenia, for which we express 
here our gratitude. The plants studied are shown in the table. 

Young but completely developed leaves were taken from the plants and 
fixed in 80 per cent. alcohol on August 3, 1937. Such leaves were chosen on 
the view of the late V. N. Lubimenko that in very young leaves which are not 
completely developed the chloroplasts have not reached their full size; in the 
old leaves, on the contrary, they degenerate. 

‘The material fixed was studied in winter and early spring. The leaves were 
first transferred to water. After one to two hours small blocks were taken 
from various parts of the leaves, were crushed on the object glass in water, 
then covered and examined under the microscope. The measurements were 
made with an ocular micrometer with high magnification (ocular 12 compens. 


and oil immersion 1/12) in order to limit the possible errors (one division of 
the ocular micrometer corresponded to 1 1). 
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The data obtained are given in the table. 7; hey show that chloroplasts do not 
increase in size with the increase of the chromosome number. On the contrary, 
in all cases there is a tendency to smaller size than in the diploids or in the 
parental species. The differences between the diameter of the plastids in 
diploid and tetraploid N. glauca are significant, diploids having larger plastids 
than tetraploids (M@j,—M, = 1:18-++0:075). 


No. Plants. Diameter (1) of the chloroplasts. Vio, 


eee 
<i ee Om See 5a 5m 05) 7-5) S25 


Somatic 
chromo- 
some no 


1 Solanum Lycopersicum 


(diploid) 24 — 130 256 104 10 — — g00 4°48 o-90 
2 Solanum Lycopersicum 

(tetraploid) 48 4 158 247 88 3 — — 500 4°35 1°35 
3 Nicotiana glauca 

(diploid) 4 ieahdam fe39 48205 O26 IS.) 2 250.576 10:84 
4 Nicotiana glauca 

(tetraploid) 452 2" 22,08. "26 4 ee eae 150 4°58 0:64 
5 Nicotiana rustica var. 

texana . 4 488 —- — 8 6 6 — — too 518 o: 
6 Amphidiploid : ; ; he 

(Nicotiana rustica tex- 

ana X N. glauca 72 = — 378 aSI (aor LOOMSTLOMONTO 
7 Nicotiana suaveolens. 32 — 2230 155. ard 25 — 100 5°45 (0-82 
8 Nicotiana multivalvis. 48 — LAS 720 3a el OOMEA -OSO-70 
9 Amphidiploid 

(N.  multivalvis x N. 

Smet : - 8 — 14 47 34 5 —-— — 100 4:80 0-77 

N.  multivalvis x N. 

suaveolens. - 40 — 14 30 44 12 — — 100 5:04 0:88 
1x Nicotiana rustica hu- 

milis . : - 48 — 4 38 48 10 — — 100 5:14 0-70 
12 Nicotiana paniculata. 24 — 3 29 56 18 — — 100 5:27 0-70 
13 Amphidiploid 

(Nicotiana rustica hu- 

milis X paniculata) . 72 — Be 2Onee 52023 2) =" 1008 ssn 8/079 
14 Amphidiploid 

(N. rusticax N. taba- 

cum var. Basma) . 96 224s Seer I — = “roo 4°42 0°86 
15 N.tabacumvar.Basma 48 — TOM eESOMn 41 9 I — 100 5:02 0:82 
16 Amphidiploid 

(N. rusticax N. taba- 

cum)Xamph. (N. 

multivalvis X suaveo- 

lens) . a - 8 — Toe 2 ee T 4 —- — 100 4:86 0:84 
17 Nicotiana Langsdorfii 18 — 18 55 26 I — — 100 4:60 069 
18 Amphidiploid 

(N. glauca x N. Langs- 

dorffit . c ne 42 a TOMES Simms 2 3 —- — 100. 4:78 068 


The average diameter of the chloroplasts in the amphidiploid N. rustica x 
paniculata is the only one that is somewhat larger than the average diameter 
of the parental species. The difference, however, in respect to N. rustica is 
on the limit of significance (0-37-L0-1), while in respect to N. paniculata the 
difference is non-significant (0:24--0'1). 

Since tetraploids have usually a deeper green colour but not larger chloro- 
plasts, the differences in colour should result from the larger number of 
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chloroplasts in the cells. We have not made exact counts in Nicotiana poly- 
ploids, but some counts made in diploid and tetraploid tomatoes showed that 
this conclusion is correct. It is difficult to determine the kind of causal 
relation existing between the number of the chloroplasts and the tendency 
stated above, that the diameter of the chloroplasts decreases with the duplica- 
tion of the chromosome number. Present studies suggest, however, a great 
autonomy of the chloroplasts in respect to the euploid chromosome altera- 
tions. 


LITERATURE CITED 


Grrassimow, J. J., 1902: Die Abhangigkeit der Grosse der Zelle von der Menge ihrer Kern- 

masse. Zeitschr. f. allg. Physiol., i. 220-58. 

1905: Uber die kernlosen und die einen Uberfluss an Kernmasse enthaltenen Zellen 

bei Zygnema. Hedwigia, xliv. 50-6. 

Kosrorr, D., 1934: Polygenom Hybrids experimentally produced. Compt. Rend. Acad. Sci., 
Moscow, No. 4. 

1938: Heritable Variations directed by Euploid Chromosome alterations. Jour. Genet. 

(Cambridge) (in the press). 

— and KENDALL, J., 1934: Studies on Polyploid Plants. III. Cytogenetics of Tetraploid 
Tomatoes. Gartenbauwissenshaft., ix. 20-44. 

Scuweizer, J., 1923: Polyploidie und Geschlechter Verteilung bei Splachnum sphaericum. 
Flora (N.F.), cxvi. 725. 

WETTSTEIN, Fr., 1923: Kreuzungsversuche mit multiploiden Moosrassen Biol. Zentralbl., 
xliii. 71-83. 

1925: Genetische Untersuchungen an Moosen. Bibliogr. Genet. (The Hague), i. 1-38. 

Winxter, H., 1916, Uber die experimentelle Erzeugung von Pflanzen mit abweichenden 
Chromosomenzahlen. Zeitschr f. Bot. viii. 417-531. 


Studies on the Nitrogen Metabolism of Plants 


III. On the Effect of Water Content on the Relationship between Proteins 
and Amino-Acids 


BY 
A. H. K. PETRIE 


AND 


J. G. WOOD 


(From the Waite Agricultural Research Institute and the Department of Botany, the 
University of Adelaide)! 


With three Figures in the Text 


NOTATION: 

P, protein-nitrogen content on a dry-weight basis. 
[P], concentration of protein-nitrogen. 

A, amino-nitrogen content on a dry-weight basis in general. 
Az, total amino-nitrogen content on a dry-weight basis. 
Ag, residual amino-nitrogen (Ap minus amino-N of asparagin) ona dry-weight basis. 
[A], [Az], concentration of amino-nitrogen. 

U, water content on a dry-weight basis. 

V, defined in Table II. 


INTRODUCTION 


N the first paper of this series (Petrie and Wood, 1938) it was shown that, 
| ae conditions of constant illumination and temperature, the amount of 
protein in the leaves of plants increases both with the amino-acid content and 
with the water content; and, although under such conditions the system did 
not attain a constant steady state, and may not even have attained a drifting 
steady state, it was considered probable that such states would be character- 
ized by the same relationship. It was pointed out that there are two ways 
in which water content may produce an effect on the relation between the 
amounts, expressed on a dry-weight basis, of protein and amino-acids: firstly, 
the effect may be merely the result of changes in the concentrations of these 
nitrogen compounds; or secondly, the change in water content may specifically 
alter the rate of one or more reactions in the system. 

In considering the first of these ways it was pointed out that the results 


’ This investigation is one of a series financed co-operatively by the Carnegie Corporation 
of New York, the Australian Council for Scientific and Industrial Research, and the University 


of Adelaide. 
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could be explained if, with increase of concentration of proteins and amino- 
acids from one pair of steady state values to another, 

A[P] _ [P] 

A[A] ~ [A]” 
If this inequality holds, then a reduction of water content would cause protein 
hydrolysis until a new steady state is established. This inequality could exist 
if the [P]-[A] curve is concave to the [A] axis, or if it is convex over a limited 
range of the variables. 


If, on the contrary, A[P]_ [P] 


A[A]~ [A]’ 
a reduction in water content would result in a quantity of protein being 
synthesized before the new steady state is attained. This inequality could 


occur if the [P]-[A] curve were convex to the [A] axis. 
Finally, if 


AP] _ [FI 
A[A]  [A]’ 
then [P] = A[A], 


and change in water content would have no effect on the amounts of proteins 
and amino-acids in the leaves. 

Any of these phenomena might, of course, be superimposed on a specific 
effect of water content on the rates of synthesis or hydrolysis. Furthermore, 
these possibilities are formulated on the hypothesis that protein synthesis 
occurs by the linking together of amino-acids: if this hypothesis is incorrect, 
the possibilities would require to be expressed differently; however, we have 
not attempted such different expression at the present time. 

In this paper it is proposed to consider these possibilities further, in an 
endeavour to obtain indications as to which of them is likely to be the true 
state of affairs. Additional data upon which to base our consideration are also 
provided by the description of some experimental work other than that 
already presented. 


EXPERIMENTAL 
Experiment III. 

This experiment has been described in paper I. However, it was also used 
for an investigation of sulphur metabolism by J. G. Wood and B. S. Barrien, 
the results of which are not yet published. During the course of this investiga- 
tion, free cystine was estimated in the same filtrate as that used for the 
estimation of the soluble-nitrogen fractions. The methods used were Lugg’s 
modification of the Folin-Marenzi method (Lugg, 1932), and Lugg’s modifica- 
tion of Sullivan’s method (Lugg, 1933); the two methods gave closely agree- 
ing results and means for duplicate estimations by both were taken for the 
final values. No cysteine or glutathione could be detected in the filtrates. 
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We shall have occasion in this paper to refer to these cystine data, and they 
are therefore presented graphically in Fig. R3 


Experiment IV. 


The procedure of this experiment was similar to that described for experi- 
ments I-III in paper I. Seeds of Lolium multiflorum Lam. were sown on 
September 29, 1934, in glass jars containing 3°75 kg. water-washed sand 
maintained with distilled water at 60 per cent. of its saturation capacity. The 
culture solutions used were the same as in the previous experiments. All 
pots were placed in the cabinets on November 13, 1934 (day 0), and removed 
for analysis on November 15 (day 2) and 17 (day 4). Analyses were also per- 
formed on, plants taken from two pots selected at random on November 13 
at the time of transference of the other pots to the cabinets.! 

The following treatments were applied twenty-four hours after the pots 
had been placed in the cabinets: 


Gr’. : 5 . © gm. (NH,),SO, per pot 
Ni. . 5 2 O15 Ss x e 
N2. : , O45 ris : — 
N3 : . . - O° ” ” ” 


The water content of the sand was also raised in certain pots and allowed 
to fall in others after they were placed in the cabinet, the final values being. 
7°, 40, 25, and 15 per cent. of saturation; these are hereafter indicated by 
the figures 1-4 subscribed to the treatment designations: the last two levels 
were probably not attained until after day 2, since weighings of the pots on 
the evening of day 1 showed that the C, pots still had a water content of 
40 per cent., and the C, pots one of 27 per cent. of saturation. 

Two pots per treatment were used for each analysis. The results are given 
in Table I and Figs. 1 and 2. 


DISCUSSION 


General consideration of results of experiment IV. 


Changes with time and treatment. ‘This experiment differed from those 
previously reported by including data from a sample of the population of 
plants at the time they were placed in the cabinets. In every case, placing the 
plants in the cabinets has caused an initial rise in U, probably because of 
reduced transpiration rate. This' initial rise is greater in successive members 
of the series C,-C,; in C, and C,? there is a subsequent fall between days 
2 and 4, by which time the external supply of water had become greatly 
reduced. 

In cases where no extra nitrogen was supplied there is a marked initial fall 
in P; but in general this fall is less in successive members of the series C,-C,. 


« Hence the change in our convention -of numbering the days of the experiment. 
2 These designations have been transferred at will from the treatments to the plants 
throughout the paper. 
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On the contrary, where extra nitrogen was supplied, P rises except in Ni. 
The drifts in total nitrogen reflect those in protein nitrogen. 

There is no appreciable drift in Ap except where extra nitrogen was 
supplied. Where the record extends to day 4 it is suggested that a steady state 


EXPERIMENT IV 450 


TOTAL N x 107 


4005r Copenen tne ———I = eee co SS 


$ ~~ 


/ 
le 
sro uad hs : 


5 
3 
x 
z 
Zz 
we 
o + ue 
< + 
i + 
500 z 
fe] 
3004 +f t+ PR cer cs OOOO oes lire Zz 
a 
< 
= 
sce uJ c c ’ \ ’ U r J ram Fess 14-1100) ie] 


aN 
arse ah 
Py 
= 
SS 
4 
Bie aN 
2) 


ley C2 Cys Ca Ni2 Nis N2, N22 N3, 

Fic. 1. Drifts with time in the contents of various components of the leaves in experi- 
ment IV. Values of P calculated from equation (2) of Table II are also plotted. (From data 
of Table I, wherein the units are defined.) , 
has been reached on day 2, as no further appreciable change in A, takes place. 
The large amount of protein hydrolysed between days 0 and 2 never accumu- 
lates in the leaves as amino-acids: evidently translocation is sufficiently rapid 
to keep pace with any appreciable amount of soluble nitrogen compounds 
formed above that characterizing the steady state. 
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TABLE I 

ms Results of Experiment IV 

AY O 

Total amino-N . ; ; ; , : weras 

Prot. NxX1o07} . ; ; 3 : s - 342 

Total NX107 . 3 : : : : - 359 

Water : : 8 : : : : > 435 

Treatment. 
a 

Drs Cy. Ce Cr Cy Nig. Nig. N2,. N23. N31. 

Total amino-N 3 A - 4% 156 171 173 194 157 268 248 410 

Prot. N x 107 : : - 295 319 316 330 361 321 374 382 308 

Total Nx107! . : SIO 3305332 83526 3S3mac4Om 41 tee TOneass 

Water A F ; eS COmmS2 55 530055251705 179520) 5 5OmmS 17) 
Day 4 

Total amino-N : c - 125 — I41 193 — 219 270 — 439 

Prot. NX 107 5 A - 307 — 300 309 — 326 398 — 394 

Total Nx107! . 5 - 323 — 316 338 — 352 438 — 456 

Water B40. =) SII 49709 —2 508.) 508 S——es32 


Nitrogen fractions in mgm. per 100 gm. dry weight. 
Water in gm. per 100 gm. dry weight. 

In general it is apparent that, after day 2, the P drifts can be interpreted 
on the assumption that P increases with both A; and U. 

Regression functions. The regression of P on Ap and U is given in Table II. 
There is evidence that 0?P/@A7, is negative, since the coefficient of the term 
in AZ is significant and negative. The regression accounts for 87 per cent. 
of the variance of P, and the calculated values plotted in Fig. 1 show that the 
agreement between these and the observed values is on the whole good. The 
curve of the regression equation is also plotted in Fig. 2, where the data for 
days 2 and 4 are collected together. 

The concavity of the P-A; curve. With four exceptions, the values of U lie 
between 500 and 540. Neglecting the regression curve, it is possible in Fig. 2 
to pick out the points corresponding to these closely agreeing values of U; 
it is then seen that, with such approximately constant U, there is considerable 
evidence that the P-A, curve is concave to the Ap axis. 

An explanation for the concavity might be that, with high A, P was at 
the times of observation considerably lower than the steady state value; on 
the other hand, with low A, a drifting steady state might have been attained. 
But, in the case where A, has its highest value, P is no longer rising; in fact 
the curves for N3,, Fig. 1, suggest that between days 2 and 4 the system 
remained fairly close to a steady state. The two points on the right of Fig. 2 
(U = 517 and U = 532) cannot therefore be regarded as having values of P 
below those characterizing the steady state. The curvature could also have 
been produced by points U = 598, U = 550, and U = 529 having P values 
above those of the steady state; but Fig. 1 shows that the first and last of 
these points are associated with rising P, so that P would tend to be at or 
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below the steady state value; and the value U = 550, although associated with 
falling P, is lower than the value calculated from the regression based on all 
the data combined. 

Approach to steady state. These arguments rest on the assumption that, 
when the drift in U or Ap changes in direction, the lag in P is not great. On 
the whole the data support this assumption, as did those of the previously 
reported experiments. Thus, although from day o the tendency is for P to 
fall rapidly, this tendency was reversed where appreciable amounts of extra 
nitrogen were supplied. While the whole system is drifting between days 
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Fic. 2. P plotted against Ap, experiment IV. The corresponding value of U is given for 
each point. The curve is that of equation (2), Table I, for the mean value of U (= 525). The 
scale of U increments shows the distance that, according to the equation, has to be added 
to or substracted from the ordinate of any point on the curve to give the value of P correspond- 
ing to a point with the same value of 4 R but with a value of U above or below 525. Units are 
as given in Table I. 


2 and 4, there is, therefore, evidence that it was in most cases not greatly 
removed from a drifting steady state; this experiment thus adds strength to 
the view that, at the steady state, 0?P/0A2 is negative. 

It is clear that the P-A,-U relation on day 0, pertaining to the environ- 
ment of the glass-house, was very different from that pertaining to the con- 
ditions in the cabinets: from equation (2), Peatc.X 107! for day o is 287, 
Pops. X 10-1 being 342. Either the system was far from a steady state on 
day 0, on account of rapid environmental changes, or else some other factor 
determining P, such as temperature or light, which was constant and different 
under the conditions of the cabinets, caused the high value. 

‘The rise in water. content with falling external supply. A curious feature of 
the data is that U rises from C, to Cy on day 2, whereas the water content 
of the sand falls. One result of this fall would be that the concentration of 
ammonium ions in the external solution was increased: in the case of Cyit 
must have been at least 2} times that in C, on day 2. This may be the cause 
of the rise in total- and protein-nitrogen content from C, to C,. 
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Now it has frequently been found that increase in protein and total- 
nitrogen content increases the water content of leaves. This was actually 
suggested in the previous experiments (paper I) where, with the first increase 
in nitrogen supply, there was frequently an increase in both P and U. It has 


TABLE II 
Regression Equations 


Both regressions are significant at the 1 per cent. point. All coefficients are signifi- 
cant at or below the 5 per cent. point. 


NOTATION 
V = percentage of the variance of the dependent variable ascribable to the average effect 
of the independent variables; for derivation see Table I, paper II (Wood & Petrie, 
1938). ! 
D.F. = residual degrees of freedom. 


“res. var. = square root of variance of dependent variable not accounted for by the regression. 
The remaining symbols are as given at the commencement of the paper. 
The units are as given in Table I. 


EXPERIMENT IV. 


V D.F. Ares. var. 
(1) P= a+b,A7+b,U. ; : : 82 12 162 
a = 674 
b, = 3-18+0°464 
b, = 3:90+1-°277 
(2) P = a+b,Ap—b,A2+6,U . : : 87 II 136 


a = 389 

b, = 10-4+2°51 

bg = 0:0129+0-00440 

bg = 2:80+1:038 
also been found by Crist (1926), Pearsall and Ewing (1929), Petrie (1937), 
Williams (1938), and others; Crist in addition found an increase in bound- 
water content as determined by the cryoscopic method. The extra water may 
be held by imbibition in the additional amount of colloidal protein present, 
and by increased dissociation thereof (cf. Petrie, 1937); but it may also be 
held in the vacuole, especially in view of the fact that a greater osmotic 
pressure of the cell-sap has been found by Eaton (1927), Petrie (193 2), Mothes 
(1932), and Boning and Béning-Seubert (1934) to be associated with increased 
nitrogen supply to plants. 

A second relation may thus be superimposed on the P-U relation already 
discussed, as was in fact suggested in paper I. The extent of the super- 
imposition cannot be determined at present. However, states of affairs can 
be visualized where increase in water content would not lead to further net 
protein synthesis. Thus, if the amount of protein in the leaves is increased, 
leading to a greater amount of water being held by imbibition, only extensive, 
and not intensive, properties of the system may be changed, in which case 
the increase in water content may not lead to further net protein synthesis. 
Again, increased salt content of the vacuoles would lead to greater osmotic 
pressure, but may produce no change in suction pressure at the steady state, 

966.8 3N 
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provided transpiration rate is unaltered; in this case the amount of water in 
the cytoplasm would remain the same, and there may be no change in protein 
content. These states of affairs differ from any in which the rate of transpira- 
tion rises or falls, producing change in turgor and suction pressure, and so 
in concentrations in the cytoplasm, and hence change in net rate of protein 
synthesis. 

By day 4 the water content of the external medium has fallen so drastically 
in C, that U is decreased, and now the relation discussed first manifests itself 
and the fall in U leads to fall in P. 


Theoretical consequences of concavity in the [P]-[A] curve on the data expressed 
on a dry-weight basis. 


If the observed effect of U on the P-A relation is due solely to a concentra- 
tion effect, a probable explanation, as stated in the Introduction, is that the 
[P]-[A] curve is concave to the [A] axis. It is of interest to explore more fully 
the consequences of such a property on the relation between P, A, and U." 

For [P] and [A] we can write P/u and A/u, where u is the amount of water 
(per 100 gm. dry matter) present in the intracellular phase wherein protein 
synthesis and hydrolysis occur. Then we have 


Plu = f(Alu), 
where f (Alu) > 09, 
and f'(Alu) <0. 
From this it can be shown that 

(a) for constant A, P is an increasing function of u, provided f’(o) is finite; 

(5) for constant u, P is an increasing function of A; and 

(c) for constant u, ?P/dA? < o. 

Hence, if {(0) = 0, for a series of values of u we have a family of P-A curves, 
(a) passing through the origin; 
(8) concave to the A-axis; and 
(y) ascending more steeply the higher the value of u. 

If f(0) > 0, the curves would have the properties (8) and (y), but they 
would not pass through the origin: when A = 0, they would cut off intercepts 
on the P-axis increasing with u; and the convergence of the P-A curves as A 
approaches zero, for a given pair of values of u, would be less than when 
f(c) = 0. This state of affairs would arise if there were a constant concentra- 
tion of protein that did not enter into the relationship. 

It would be difficult to determine whether property (a) applies to the system 
we are studying. But there was evidence in paper I that property (8) holds, 
if we assume that, when U is constant, u also remains constant, since a 
significant negative A,” term was found in equation (1), Table VII (paper I), 

* Except in a few aberrant cases, specified in paper II, the dry weight of the plants in our 


experiments was not significantly affected by treatment and did not drift significantly with 
time during the period of observation in the cabinets. 
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and a significant negative Aj, term in equation (10). Much stronger evidence 
for property (8) is found in experiment IV described in the present paper, 
since the concavity of the P-A, curve at constant U can be detected visually 
in Fig. 2, and is also expressed in equation (2), Table II. It is difficult to tell 
whether property (vy) holds: we have fitted the data of experiments I to III to 


regressions of the form 
P= a+(b,+b,A)U, 


but the values of V are little different from those of the equations already 
given; the fact that U is probably only an anamorphic measure of u adds to 
the difficulty of demonstrating this property. 

It may be concluded that there is accumulating evidence that the [P]-[A] 
curve is concave to the [A] axis, and this in itself must cause the P-A relation 
to be affected by U in the direction observed, assuming U to be a measure 
of u. A specific effect of water could of course be superimposed, i.e. there 
could be a different concave [P]-[A] curve for every value of U. 


On changing proportions of different amino-acids. 
The formation of proteins from amino-acids may be conventionally ex- 
pressed by the equation 
4,+9,1+43+...+4, = RP, (a) 
where @,, &c., are amounts of amino-acids, and is amount of protein, all 
expressed in molecular proportions. It follows that, at equilibrium, 


[®] = K[A,](42][4,]...[4.,], (0) 
the square brackets signifying concentrations. Now [P], being measured in 
terms of total protein-nitrogen, is proportional to [39], provided only one 
molecular species is concerned; and [Ay], being measured in terms of a-amino- 
nitrogen, of which generally only one atom occurs in each amino-acid mole- 
cule, must be approximately proportional to [5 Q]: if, therefore, equation (5) 
holds, the curve obtained by plotting [P] against [A] can readily be seen to 
be convex to the [A7] axis. 

This relation holds only so long as the ratio of the concentration of each 
amino-acid to that of the others remains constant. Equation (a) may be 
rewritten (c) 


A+ Fret = Pp. 
If for any reason the concentration of one or more amino-acids, e.g. [A], 
decreases, this leads to an increase in [A,,,,] and a decrease in [P]: the form 
of the [P]-[A,] relation at equilibrium thus depends on the change in the 
amounts of the various amino-acid components, and under certain conditions 
the curve could become concave to the [A,7] axis. 

It is possible that, with decrease of water content of the leaves, the rate 
of formation or of disappearance of one or more amino-acids is so affected 
that its concentration decreases, while the concentration of other amino- 
acids increases; this could result in the [P]-[47] curve becoming concave to 
the [A] axis. 
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Whatever the form of the steady state [P]-[A] relation at constant U, that 
is, whether it is the relation of equilibrium concentrations, or whether [P] is 
maintained above the equilibrium concentration by expenditure of energy, 
such an effect of U on the amino-acids could account for U being a parameter 
in the relation. However if, when [A] increases at constant U, the concentra- 
tion of one particular amino-acid decreases, then the [P]-[A,] curve could 
be concave to the [A,] axis, and there may be only one such curve, inde- 
pendent of the value of U. 

The data of experiment III suggest that there is in fact considerable change 
in the ratio of the amounts of one amino-acid, viz. cystine, to that of the 
others as the water content decreases. It is clear from Fig. 3 that the amount 
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per 100 gm. dry matter. (The values for P and Ap are taken from Table VI, paper I, and the 
cystine data from unpublished work of J. G. Wood and B. S. Barrien.) 


of cystine does not continuously increase, but may actually decrease, as the 
amount of the other amino-acids increases. The cessation of increase in the 
amounts of cystine present are associated with decrease in U, so that we 
cannot determine whether the amount of cystine would behave similarly with 
increase in that of the other amino-acids when U is constant. Possibly when 
U decreases cystine is oxidized at a rate greater than that of its production 
from sulphate and ammonium ions. 

This change in proportion of cystine and other amino-acids must affect 
the [P]-[A] relation, although to what extent cannot be determined at present: 
these data merely indicate that at least one amino-acid does not always 
increase with increase in others. 
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SUMMARY 


There are two ways in which water content may produce an effect on the 
relation between the amounts, expressed on a dry-weight basis, of proteins 
and amino-acids: the effect may be the result of changes in the concentrations 
of these compounds; or change in water content may specifically alter the 
rate of one or more reactions in the system. 

The concentration effect is further discussed: it could arise if the curve 
relating the concentrations of proteins and amino-acids in the cells were 
concave to the amino-acid-concentration axis. Evidence that this js the case 
is brought forward, partly from a further experiment that is here placed on 
record. 

It is shown that, not only does the water content of the tissue affect protein 
synthesis and hydrolysis, but also the amount of protein is probably a factor 
determining the water content. 

Decreasing water content could also lead to protein hydrolysis if it caused 
a decrease in concentration of one or more amino-acids. In this way water 
might have a specific effect. If, however, the decrease in concentration of one 
amino-acid was associated only with increase in concentration of the total 
amino-acids, then the effect of water might be purely a concentration one. 
The difference between the two types of effect would be expressed in the 
presence or absence of water content as a parameter in the relation between 
the concentrations of amino-acids and proteins. 

It is shown that the amount of one amino-acid, viz. cystine, does not always 
increase, and sometimes actually decreases, when the amount of the other 
amino-acids increases; however, in the experiment in which this was demon- 
strated, water and amino-acid contents were negatively correlated, so that 
it cannot be concluded whether decreasing water content directly, or increase 
in concentration of the amino-acids, is associated with cessation of increase 
in cystine content. 
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Studies in the Proteaceae 
I. Cytology and Floral Morphology of Grevillea robusta Cunn, 
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INTRODUCTION 


(3 the literature on the Proteaceae there is a little information on details of 
floral morphology and the development of the seed. The outstanding 
recent contributions, including those reviewed by Schiirhoff (1926) and 
Schnarf (1929, 1931), are by Ballantine (1909) on Protea Lepidocarpon, 
Messeri (1928) on Grevillea macrostachya, and Brough (1933) on G. robusta. 
The results of these are to a large extent conformatory, but a number of 
highly interesting structural variations seem to have been overlooked or 
neglected. The investigation by Brough (1933), however, is very exhaustive, 
dealing in detail with the development of the gametophytes and the embryo 
and including a valuable discussion on the systematic position of the family. 

The Proteaceae comprise fifty genera and about a thousand species, ‘which 
have a characteristic distribution; there are in Australia 591, East Asia 2 ie 
New Caledonia 27, New Zealand 2, Chili 7, tropical South America 36, south- 
west Cape Colony 262, Madagascar 2, mountains of tropical Africa 5 (Engler). 
The great majority live in regions where there is annually a long dry season. 
Correlated with this is the fact that they are mostly xerophytes. . . . Many 
have their pollen freely exposed, though they are not wind-fertilized (wind- 
pollinated)—a peculiarity perhaps connected with their life in a dry climate’ 
(Willis, 1931). But Sargent (1930, cited by Brough, 1933) states that the family, 
as a whole, ‘has a strong preference for the moister regions’ of the island 
continent of Australia, which forms a conspicuous centre of the Proteaceae, 
as is evident from the distribution of the species. 

Grevillea is the largest genus with about 160 species; the one under dis- 
cussion here, Grevillea robusta Cunn., the Silky Oak, is planted freely, on 
account of its ornamental value, in many private grounds, as well as in public 
recreation parks in and about Bangalore. The trees are in full bloom, with 
conspicuous orange-coloured flowers forming dense inflorescences, during 
the months from November to April, when plenty of material is readily 
available for study. 

[Annals of Botany, N.S. Vol. II, No. 8, October 1938.] 


goo Kausik—Studies in the Proteaceae. I 


Fics. 1-14. Fig. 1. Portion of wall of a nearly mature anther, showing the disappearing 
epidermis, endothecium, three wall-layers, and the large vacuolate tapetal cells. x 630. Fig. 2. 
Pachytene stage in the nucleus of the microspore mother-cell. Note the ten unequal pairs 
of threads showing definite orientation. X 2,700. Fig. 3. Diplotene showing the quadrivalent 
nature and the chiasmata. X2,700. Fig. 4. Early diakinesis. In some pairs the chiasmata 
have yet to be terminalized. X2,700. Fig. 5. Early metaphase. x 2,700. Figs. 6-8. Early 
and late anaphase. X2,700. The chromosome pairs have been laterally separated while 
drawing in Fig. 7. Figs. 9 and 10. The full haploid set in metaphase and anaphase stages 
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In the course of the following investigation of Grevillea robusta Cunn., a 
preliminary note of which has already appeared, it was originally the inten- 
tion of the author to describe only certain aspects of floral morphology not 
previously studied by Brough (1933), but later the scope of the paper was 
widened to include also some very essential departures from his observations. 
The material was collected at different stages of development and fixed in 
Bouin’s fluid, which was quite satisfactory, yielding uniformly good results. 
The usual processes of dehydration and infiltration were followed and 
sections were cut at varying thicknesses from Tou. to 16, according as they 
were required at different stages of development of the floral parts. An aque- 
ous solution (0:5°%) of Heidenhain’s iron-alum haematoxylin was employed 
in staining the sections, by which sufficient contrast and clarity were obtained. 


ANTHER AND MEIosIs IN THE MICROSPORE MOTHER-CELLS 


The anther contains four sporangia, derived from four groups of arche- 
sporial cells. The latter, after giving rise to the primary parietal layer, form 
a single-layered plate-like sporogenous tissue. The primary parietal layer 
divides and gives rise to the endothecium, three middle layers of the wall of the 
anther, and lastly the tapetum, as described by Brough (1933), whose figures 
however, show only two middle layers. The tapetal cells are very large and 
generally more conspicuous than the sporogenous cells themselves. Each 
tapetal cell has two or more nuclei and a dense mass of cytoplasm, containing 
one or two large vacuoles. The cells are very active during the meiotic stages 
of the microspore mother-cells, this activity declining only with the formation 
of the pollen grains. During the period of the activity of the tapetal cells the 
cells of the middle layers are usually crushed and become tangentially elon- 
gated. During advanced stages of the anther the epidermis becomes largely 
obliterated and is finally lost, so that the endothecium becomes, for all pur- 
poses, the outermost layer of the mature anther (Fig. 1). This feature is 
perhaps associated, as suggested by Brough (1933), with the hot, dry climate 
prevailing at the time of anthesis of the flowers. 

The single-layered sporogenous cells function directly as the microspore 
mother-cells, which are at first distinctly polygonal in outline, but become 
spherical with the initiation of the meiotic changes in their nuclei. With the 
beginning of meiosis, the chromatin of the nucleus forms the pachytene 
threads, which are distinctly paired and show large chromatin aggregations. 
Ten pairs of pachytene threads were invariably counted in a number of nuclei 
that were examined. The paired threads are of unequal length, and seem to 
be oriented inside the nuclear membrane more or less definitely with reference 
to the nucleolus, towards which they tend to be directed (Fig. 2). The 


respectively. X2,700. Fig. 11. Interkinesis after first division. x 1,800. Figs. 12 and 13. 
Young ovules showing the megaspore mother-cell and the origin and development of the 
integuments. 450. Fig. 14. Early eight-nucleate embryo-sac with part of surrounding 
nucellus. X goo. 
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pachytene threads next enter the diplotene stage, when the quadrivalent 
nature of the pairs becomes very evident and the chiasmata are established. 
As at the preceding stage, exactly ten pairs were constantly seen. These are 
again of unequal lengths, four being a little longer than the rest (Fig. 3). 
The number and distribution of the chiasmata are different in the long and 
short pairs. Each short pair has a single median chiasma, while in the longer 
pairs there are two or three which are median and terminal, or subterminal, 
or both. During the succeeding stages there is a reduction in the number of 
the chiasmata in the longer pairs, and a shifting of their positions towards 
the ends, in both long as well as short pairs, so as to form the diakinetic 
chromosomes. These are very highly condensed and intensely homogeneous 
structures, but showing nevertheless a clear paired nature. These pairs of 
chromosomes are usually equidistant from one another (Fig. 4). This condi- 
tion is presumably due, as suggested by Gates (1909) long ago, and recently 
by Lawrence (1931, cited by Raghavan, 1938), to a mutual repulsion between 
the pairs, which exists even in the earlier prophasic stages. But, with the dis- 
appearance of the nuclear membrane the pairs become crowded in the centre 
and a large number of spindle-fibres make their appearance all round (Fig. 5). 
The fibres shift their positions and gradually orient themselves so as to form a 
typically bipolar spindle, with the chromosome pairs occupying the equator. 

The bipolar spindle as seen in profile is very narrow, but the fibres are quite 
conspicuous (Fig. 6). The separating chromosomes show slight size differences, 
with the spindle-fibres attached towards one end (Figs. 6 and 7). The 
chiasmata seem to undergo terminalization fairly regularly by the time the 
chromosomes arrive on the equator of the spindle, as no evidence of lagging 
could be detected in any of the pairs at the anaphase separation (Figs. 6 and 
8). During early metaphase, metaphase and anaphase stages of the first 
division the chromosome number was verified and found to be ten (Figs. 5, 9, 
and 10), corresponding. to the number of paired threads in the earlier stages, 
and confirming the haploid number of chromosomes determined by Brough 
(1933). 

After the first division is over there intervenes a brief period of interkinesis 
(Fig. 11). The succeeding stages in the formation of the tetrad nuclei are 
quite normal. 


OvULE AND DEVELOPMENT OF THE EMBRYO-SAC 


The ovary consists of a single carpel, the inrolled margins of which bear 
two anatropous ovules. Each ovule takes its origin as a nucellar primordium, 
in which are soon evident a single archesporial cell and the formation of the 
two integuments. The archesporial cell gives rise to the megaspore mother- 
cell, and a primary parietal cell which immediately divides by a periclinal 
wall to form two wall-cells (Fig. 12). By the time the prophasic stages begin 
in the nucleus of the megaspore mother-cell the two integuments, which grow 
in the meanwhile fairly rapidly, become very apparent (Fig. 13). On the other 
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hand, Brough (1933) remarks that a noteworthy feature of this ovule is the 
relatively late inception and slow development of the integuments; this is 
not borne out by the present investigation. 

The subsequent stages in the development of the megaspore mother-cell 
and the formation of the embryo-sac proceed along normal lines (Fig. 14), as 
stated by Brough (1933), who has followed the entire sequence of events in 
sufficient detail. The mature ovule has a large mass of nucellar tissue com- 
pletely invested by the two integuments, the inner of which forms a large 
micropyle in the form of an inverted funnel. The apex of the nucellus fits 
into this micropyle as a beak-like projection made up of papillate, glandular 
cells (Figs. 15, 22, 23, and 24). The inner epidermal cells of the integument 
bordering on the micropyle, as also those extending down to about one-third 
the length of the integument (Fig. 22), but in the maturing seed to the base 
(Fig. 23), have dense contents, presumably tannin. Such tannin-filled cells are 
also found at the chalazal region of the ovule, where in advanced stages they 
form a conspicuously dark-brown mass (Figs. 23 and 25). 

The papillate cells of the apex of the nucellus are stated by Brough (1933) 
to be eminently suited to guide the pollen tubes towards the embryo-sac. It 
may, however, be stated here that in addition to this these cells play an im- 
portant part in the nutrition of the micropylar end of the embryo-sac prior 
to fertilization. After fertilization the embryo-sac grows enormously in 
length and reaches the large mass of nutritive cells situated in the chalaza 
(Figs. 15 and 23). The papillate cells of the nucellus, though to some extent 
depleted of their contents in later stages, are quite intact even in the develop- 
ing seed (Fig. 24). Brough (1933), however, remarks that these are crushed 
at the time of the passage of the pollen tubes into the embryo-sac and most 
of his figures of subsequent stages show the nucellus absent and a protrusion 
of the endosperm cells into the micropyle (cf. his figs. 73, 78, and 80 to 82). 
In present investigation, however, the apex of the nucellus is always clearly 
seen in proper median sections of the micropylar region of the older ovule. 

The chalazal region of the ovule has meristematic cells which begin to 
divide actively as the development of the ovule proceeds and the seed begins 
to be formed (Fig. 25); consequently, a large pad-like tissue of cells arises. 
These cells are nutritive in function and are used up by the embryo-sac during 
its post-fertilization stages of growth. The destruction of this tissue, as also 
of the other nucellar cells at the sides of the embryo-sac, is so complete that in 
the growing seed a large cavity is formed inside the inner integument, with 
the nucellus forming only a thin lining layer. Within this cavity the endo- 
sperm, enclosing the developing embryo, is freely suspended (Fig. 23) and 
may be lifted out with a little care. 


ENDOSPERM 


After fertilization a noteworthy feature is the behaviour of the embryo- 
sac, which grows enormously in size by encroaching on and dissolving the 
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Fics. 15-21. Fig. 15. Embryo-sac after fertilization showing one persisting synergid, the 
fertilized egg, and a number of free endosperm nuclei. Note the papillate glandular cells of 
the apex of the nucellus above the micropylar end of the sac and the destruction of the cells 
of the nucellus all round by the growing embryo-sac, which becomes irregular in contour. 
x 450. Fig. 16. The peripheral cells of the endosperm of the central region of the embryo- 
sac forming invading processes and destroying the nucellar cells. Part of the inner integument 
showing its entire thickness and the layer of tannin cells is indicated in the figure. 200. 
Fig. 17. A whole mount of endosperm separated from a developing seed to show the cellular 
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surrounding nucellar cells. It becomes irregular in outline, and this is accom- 
panied by the formation of free endosperm nuclei (Fig. 15). These nuclei 
steadily increase in number with continued growth of the embryo-sac and 
finally organize themselves to form the endosperm tissue. But the process 
of cell formation does not proceed uniformly throughout the embryo-sac, 
in which three distinct regions—upper, central, and lower—may easily be 
recognized. ‘The formation of endosperm tissue is restricted to the upper and 
central portions of the sac, which show small, regular, compactly arranged 
cells and larger, irregular, and loosely arranged cells, respectively. The lower 
region of the embryo-sac fails to form a tissue, but includes merely a number 
of free endosperm nuclei. This is in conformity with the statement of Brough 
(1933) that endosperm formation is confined to the upper two-thirds of the 
embryo-sac, while it proceeds slowly towards the chalazal region, which is 
seen to be devoid of tissue and so becomes collapsed in mature seeds. Before 
the lower region of the sac suffers this collapse it displays a striking pheno- 
menon, which has been altogether overlooked by Brough. 

While the endosperm cells of the upper region of the embryo-sac meet the 
immediate nutritive demands of the young developing embryo, the peri- 
pheral cells of the central portion, consisting of large and loosely arranged 
endosperm cells, grow out as lateral processes which invade the surrounding 
nucellus (Fig. 16) and gradually destroy the cells so completely that a large 
cavity is finally formed in the developing seed. A thin peripheral layer of 
nucellus may, however, persist to some extent as an internal lining of the 
integument. The invading cells of the endosperm are remarkably similar to 
the peripheral cells of the foot in the sporophyte of Anthoceros, a comparison 
with which becomes more striking on a consideration of the similarity of 
their roles in actively absorbing materials from the surrounding cells. 

The lower region of the embryo-sac, in which the formation of endosperm 
tissue is totally suppressed, reveals a unique feature in its subsequent be- 
haviour. It assumes a pronounced haustorial function and develops into a 
peculiar tubular structure, which is very long, often measuring as much as 
3 mm., and is coiled. This structure is strikingly vermiform in appearance 
(Figs. 17 and 23) and so may be appropriately designated the vermiform 
appendage of the endosperm (Kausik, 1938). The appendage has a very dense 
mass of highly vacuolate cytoplasm containing a number (40-50) of large 
nuclei, and showing at its proximal region curious horn-like processes, which 
are invariably four in number. Distally the appendage is more or less pointed 


regions and the coenocytic vermiform appendage. X35. Fig 17a. The tip of the appendage 
showing the three persisting antipodal cells. 450. Fig. 17. One of the free nuclei of the 
appendage showing the high chromatin content. goo. Figs. 18-20. Some stages in the 
development of the embryo. Note the clear distinction into the tapering proximal and broad 
distal regions. 18, X1,350; 19 and 20, X450. Fig. 21. A fully developed embryo from a 
mature seed showing one of the cotyledons with its basal lobes, the hypocotyl, and the radicle 
with the root-cap. 
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Fics. 22-6. Fig. 22. Outline of the longitudinal section of a young ovule containing a four- 
nucleate embryo-sac. x 160. Fig. 23. Longitudinal section of a seed showing in outline the 
position of the endosperm and its appendage. X25. Fig. 24. The micropyle of above showing 
the persisting glandular cells of the apex of the nucellus. x80. Fig. 25. The chalazal region 
of the seed to show the regularly arranged meristematic cells of the chalaza. X240. The 
cells shown black in Figs. 22-5 contain tannin. Note the difference in the distribution of 
these cells in early and late stages as shown in Figs. 22 and 23. Fig. 26. Portion of the outer 
integument on the side of the funiculus, forming the wing of the seed. The cells of the inner 
epidermis show dense contents. X8o. Fig. 26a. An entire seed showing the broad mem- 

branous wing and the vascular strand on the side of the funiculus. X1° 5. 
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and shows three small cells (Fig. 17a); the latter are evidently the persisting 
antipodals, as may be judged from their disposition. 

The vermiform appendage increases rapidly in length by digesting the 
nucellar cells on its way; ultimately it reaches the large mass of nutritive cells 
situated in the chalaza. These cells are used up completely by the advancing 
appendage and a large cavity is thus formed in the chalazal region, which 
shortly before showed extensive and compact tissue (Fig. 23). In the extra- 
ordinary haustorial activity of the appendage the free endosperm nuclei seem 
to play a considerable part, for they become very conspicuous and show a high 
chromatin content (Fig. 175). They are usually oval in shape and include 
one or two nucleoli. Each nucleus may measure about Sop along its larger 
diameter. 


The vermiform appendage begins to decline in activity after the destruction 
of all the nucellar cells and is in a collapsed state during subsequent stages of 
the formation of the seed. In earlier stages it is possible, as already stated, to 
separate from the integument the entire mass of endosperm with the appen- 
dage by a little manipulation of the seed at the proper stage. This mass of 
endosperm may then be mounted whole and stained for examination, when 
a complete and clear picture of it is readily available (Fig. 17). 


EMBRYO 


The development of the embryo, compared with that of the endosperm, is 
relatively slow in the earlier stages. Later it progresses rapidly at the expense 
of the endosperm, which in the immediate vicinity shows darkly staining 
cells in the process of breaking down. The apical region of the endosperm 
happens therefore to be the earliest to be used up by the young embryo, and 
so could not be identified as an intact mass of cells projecting into the micro- 
pyle as figured by Brough (1933). 

As development proceeds, the embryo becomes progressively larger, and 
consists of more cells (Figs. 18-20). The dermatogen, periblem, and plerome 
are differentiated gradually and the embryo becomes conspicuously wedge- 
shaped towards its proximal end; distally it is broader and rounded in con- 
tour, where the cells have dense contents (Figs. 19 and 20). The shape of 
the embryo as it develops does not change from an oval to a spherical shape, 
as assumed by Brough (1933). The fully developed embryo (Fig. 21) con- 
sists of two large cotyledons (each of which is provided with two basal lobes 
at the point of its insertion on the hypocotyl), a stem tip and a massive radicle 
having a pointed root-cap. 


DEVELOPMENT OF THE SEED 


In comparing the conditions met with in Grevillea robusta with those in 
Protea Lepidocarpon R. Br. (Ballantine), Brough (1933) mentions that the 
«meristematic cells at the chalazal region of the ovule are active until the time 
of fertilization, but elsewhere in the paper states that a striking feature of the 
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seed, consequent on fertilization, is a rapid increase in its dimensions, parti- 
cularly in a plane parallel to the longitudinal axis of the seed, this being due 
for the most part to the great activity of the meristematic cells at the chalaza. 
With continued development, the two seeds of the ovary become much 
flattened in an antero-posterior plane, accompanied by the formation of a 
wing, which is thin and papery. 

In the developing seed the inner integument, with its tannin-containing inner 
epidermal cells, takes a large part in forming a fairly hard and protective cover- 
ing for the growing embryo inside (Fig. 23). The other cells of the integument 
become crushed and constitute an internal lining for the wing, which is solely 
formed by the outer integument in which the cells divide a number of times 
tangentially and form several layers of radially elongated cells (Fig. 26). The 
cells of the inner epidermis of the outer integument become more or less 
glandular. It is difficult to offer any suggestion as to the role of these cells. 

The funiculus of the ovule is also incorporated in the wing, which therefore 
consists, on one side, of the fused outer integument and the funiculus, where 
the conspicuous vascular strand of the latter is seen (Fig. 26 and 26a). 


CONCLUSIONS 


A detailed study of the meiotic divisions of the nuclei in the microspore 
mother-cells in Grevillea robusta has revealed not only the paired condition 
of the chromatin threads during the prophase stages but also the quadrivalent 
nature of these pairs at certain stages. Despite the smallness of the nuclei the 
material has lent itself fairly satisfactorily, doubtless on account of a small 
haploid number of chromosomes, to an examination of the meiotic cycle. 
To summarize, this cycle shows a definite number of paired threads in the 
prophase nuclei, the orientation of the pachytene pairs with reference to the 
nucleolus, the unequal lengths of the paired threads at the prophase stages, 
and a corresponding size difference, though slight, in the chromosomes at 
the later stages of the first division, the number and nature of the chiasmata, 
and lastly, the separation of the anaphase chromosomes. 

Regarding the morphology of the flower in general a discussion has already 
been entered into by Brough (1933), who also includes an admirable survey 
of pollination and a review of the taxonomic position of the family. He 
concludes that the Proteaceae may be closely related to the Geissolomataceae, 
and through them to the Thymeleaceae in general. He adds that the simplicity 
of the floral organs in the Proteaceae may well be primitive, in which case an 
affinity with some order, lower in the scale of evolution than the Thymeleales, 
will have to be sought. A discussion of the systematic position of the family is 
not here undertaken but, on the other hand, certain features of floral morpho- 
logy, which do not agree with the descriptions of Brough (1933) or are not 
described by him, are given here. The more important of these are the origin 
of the integuments, which occurs fairly early, the persistence of the glandular 
cells at the apex of the nucellus till a very late stage in the development of the 
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seed, the early destruction of the apex of the endosperm, which does not 
project into the micropyle, and the wedge-shaped embryo, which shows no 
change in shape from an oval to a spherical form, as assumed by Brough 
(1933). An interesting feature, which was not described by Brough (1933), 
is the peculiar and unique organization of the endosperm. 

Attention may here be drawn to the fact that the utilization of nutritive 
material in the neighbouring cells, and available for the growing embryo-sac 
particularly after fertilization, which is so complete and thorough in Grevillea 
robusta, recalls to some extent the condition met with in Utricularia (Wylie 
and Yocom, 1923; Kausik, 1935, 1938). In the latter case, the role of absorp- 
tion is assigned to definite portions of the embryo-sac, namely the haustoria, 
which invade the placental and chalazal nutritive tissues. In Grevillea robusta, 
on the other hand, the embryo-sac, as such, is very active and destroys the 
surrounding nucellar cells after fertilization. Later, with the differentiation 
in the endosperm into the cellular region and the lower vermiform appendage, 
contemporaneous with which is also the formation of the marginal cells of the 
endosperm as absorptive processes, fresh invasions are made of the chalazal 
cells and the remaining peripheral layer of nucellus. The result of this extra- 
ordinary post-fertilization activity of the embryo-sac, when it may be said to 
have entered the second phase of its growth, is a wholesale destruction of all 
the cells of the nucellus. This leads to the formation of an immense cavity 
inside the seed, within which is the endosperm suspended freely from the 
micropyle. 

In concluding this investigation, it may be stated that Grevillea robusta 
reveals in its morphology a number of distinct and unique features. The most 
striking of these is undoubtedly the peculiar formation of the endosperm. 
It would be highly interesting to determine if similar features are also present 
in the other members of the Proteaceae. A detailed examination, similar to 
that here completed, of as many genera as possible would thereby form a 
valuable contribution to our knowledge of the family, in view of the fact that 
the members constituting it are so diverse and are distributed in widely 
separated regions of the world. Such a study should also throw light upon 
the position of the family which is at present rather uncertain. It is the 
intention of the author to study as many members of the Proteaceae as 
possible, when it is also hoped to include a discussion of the important facts 
of floral morphology. 


SUMMARY 


A detailed account of the cytology and floral morphology of Grevillea 
robusta Cunn. is given. 

The meiosis in the nuclei of the microspore mother-cells has been followed 
in detail and the haploid number of chromosomes reported by Brough (1933) 
has been confirmed. 

The formation of a peculiar coenocytic tubular structure at the lower end 
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of the endosperm and designated the vermiform appendage is described at 
length. In addition, attention is also drawn in the paper to the marginal 
absorbing cells of the endosperm as processes invading the nucellus. ‘These 
structural features of the endosperm have not been previously reported, either 
in this or any other plant. 

Several aspects of the life-history have been discussed with special reference 
to the earlier work of Brough (1933) on Grevillea robusta. 


The author takes this opportunity to record his sincere thanks to Dr. M. A. 
Sampathkumaran, Professor of Botany, University of Mysore, for advice and 
kind encouragement during the course of this investigation. 
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The Interaction of Factors in the Growth of Lemna 


XIII. The Interaction of Potassium and Light Intensity in Relation to 
Root Length 


BY 


H. L. WHITE 


(From the Research Institute of Plant Physiology, Imperial College of Science and 
Technology, London) 


With two Figures in the Text 


INTRODUCTION 


HE effect of variation in nitrogen supply at different light intensities 

on the root growth of Lemna colonies has been considered in a previous 
communication (White 1937a), in which the conclusion was drawn that varia- 
tion in length of root is a sensitive indication of variation in carbohydrate- 
nitrogen balance within the frond. A high ratio of protein to starch was 
associated with a decrease of root length relative to frond dry weight whereas a 
high ratio of starch to protein was associated with an increase of root length 
relative to frond dry weight. It was suggested that when nitrate supply is 
high relative to assimilation rate sugars are mainly used for protein synthesis 
and in the development of new fronds so that the rate of translocation of sugars 
to the root meristem is slow, leading to retardation of root growth; when 
nitrate supply is low relative to assimilation rate a high level of surplus sugar 
in the frond accelerates the rate of translocation of sugars to the root meristem 
and root growth is relatively rapid. The present communication records 
data of the effect of variation in potassium supply on root length at different 
light intensities. 


EXPERIMENTAL PROCEDURE 


Colonies of Lemna minor were exposed, at a controlled temperature of 
25° C., to continuous illumination from gas-filled water-cooled lamps, which 
were adjusted from the reading of a Holophane lumeter to give four intensities 
of light—300, 180, 120, and 60 ft.-candles. These colonies, obtained by 
division of a single clone, floated upon nutrient solution of inorganic salts! 
and glass-distilled water in small beakers (30 c.c.) of Pyrex glass. The colonies 
were transferred to duplicate beakers containing fresh nutrient solution at 
twelve-hour intervals for a period of twenty days. The numbers of fronds of 

™ CaH,(PO,), o-101 gm.; MgSO, 0-255 gm.; Ca(NOs3).+4 Aq o:291 gm.; Mg(NOs3)2+ 
6 Aq o-rg1 gm.; Fe,Cl, 0-002 gm.; distilled water 1 litre; K,SO, equivalent to potassium 


supply of 200, 270, 0°125, and o mg. per litre. 
[Annals of Botany, N.S. Vol. II, No. 8, October 1938.) 
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the colonies were adjusted periodically to the size of the beakers, by the random 
removal of plants, to prevent overcrowding. Growth of the colonies was studied 
at four potassium levels of the nutrient solution—zoo, 2-0, 0-125 mg. potassium 
as sulphate and no potassium additional to that leached from the glass of the 
beakers. An analysis of the growth data obtained and further details of the 
technique used is being presented in a separate communication of this series 
(in the press). 
EXPERIMENTAL RESULTS 

Length of root, after twenty days’ growth under all combinations of four 
light intensities and four potassium levels of the nutrient solution, is shown 
in Table I with standard errors of the means of samples of eight plants of 
approximately equivalent age.’ Decrease in root length is clearly associated 
with reduction in either light intensity or potassium supply. 


TABLE I 


Length of Root (cm. with S.E. of mean) of Colonies Subject to All Combinations 
of Four Light Intensities and Four Potassium Concentrations 


Light (ft.- Potassium (mg. per litre). 
candles). 0-0 0-125 2°0 200 
300 0'18+0:03 o41+0°06 1°23-++0-05 1°45 0°04 
180 O'20+0°0I 0:23-0:02 0°56+0:03 0°63 +0°04 
120 OI7+0°0I o-21+001 0°38+0-02 0°45 0°03 
60 oo08+o0-0r or1+o001 o-10+0-01 o'13-to-o1 


The relation between length of root and potassium supply at four levels of 
light intensity is shown graphically in Fig. 1. Continuous curves represent 
measurements (T'able I) made at the end of the experiment (day 20) and broken 
curves represent measurements made half-way through the experiment (days 
8, 9, and 10). Fig. 1 shows that the interaction effect of the factors is not 
constant. As the experiment proceeds root length at the two lower potassium 
levels is progressively decreasing, but at the higher potassium level is progres- 
sively increasing. The detrimental effect of low potassium supply on root 
length at the maximal light intensity of 300 ft.-candles is not detected at the 
minimal light intensity of 60 ft.-candles. 

The relation between length of root and light intensity for four levels of 
potassium supply is shown graphically in Fig. 2. All curves (save possibly 
that for the colony with lowest potassium level) are linear, the slopes being 
determined by the different potassium levels. The shifting of the interaction 
effect as the experiment proceeds may be estimated from comparison of the 
regression coefficients at the half-way stage of the experiment with those at 
the end of the experiment. These are given in Table II. It is evident that low 
potassium level has a progressively detrimental effect on root length whereas 
high potassium level has a progressively beneficial effect. 


* In order to straighten the roots for accurate measurement the plants were transferred to 
damp blotting-paper with a camel’s hair brush. 
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In a previous communication (White, 19374) the ratio between dry weight 
of plant and length of root was taken as a measure of relative root develop- 
ment. Dry weight of the plants that provided the measurements given in 
Table I was obtained by drying im vacuo under standard conditions, as 


TaB_e II 


Regression Coefficients of Root Length on Light Intensity of Colonies with Four 
Potassium Levels. The Values Represent Increase (cm.) for a Rise of 100 ft.- 


candles 
Potassium After 8-10 days After 20 days 
(mg. per litre). treatment. treatment. 
200 — 0°54 
2'0 0°40 0°47 
O'125 0°32 o-12 
folxo} 0°27 0°04 


described by Su and Ashby (1929), and weighing on a microchemical balance. 
The roots were also dried and included in the weighing, but as their contri- 
bution to total weight is known to be only of the order of 14 per cent.’ the 
values obtained cannot have been materially influenced by differences in root 
development and represent virtually the dry weight of the fronds. The effect 
on relative root development of decreasing potassium supply at the maximal 
experimental light intensity of 300 ft.-candles is shown in Table III. Length 


TABLE III 


Effect of Decreasing Potassium Supply on Root Length and Dry Weight at a 
Light Intensity of 300 ft.-candles 


Dry weight (mg.) Root 


Potassium per plant of length Ratio 
(mg. per litre). two fronds. (cm.). (X 100). 
200 0090 1°45 6:2 
2°0 0:086 1°23 7:0 
O'125 0-068 o-41 16°6 
Cole) 0:072 0°18 40:0 


of root with 200 mg. potassium per litre is eight times that with no added 
potassium, whereas dry weight differences are only of the order of 20 per cent. 
The detrimental effect of low potassium level is thus much more marked on 
root length than on dry weight. 


DISCUSSION 
There is a direct relationship between root length and light intensity (Fig. 2). 
This is conformable with the view that root growth is related to carbohydrate 
supply, for the curves relating net assimilation rate and light intensity have 
also been shown to be approximately linear over this range of light intensity 


1 T am indebted to Mr. T. A. Oxley for this determination. 
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(White 1937, Fig. 6) in contrast to the more complex relationships found for 
rate of increase in frond number and area (White 1937, Figs. 2 and 4). 

The detrimental effect of decreasing potassium supply on root length is 
more marked than the corresponding effect on frond dry weight (Table ITI). 
This suggests strongly that the high dry weight per unit area and high starch 
content of the potassium-starved frond (White 1936, Table V and p. 184) are 
associated with low sugar content, for a relatively high sugar concentration 
should have increased the rate of supply of sugar to the root meristem and 
led to a length of root less disproportionate with the dry weight of the frond 
(White, 19375). The effect of decreasing potassium supply on root growth is 
compatible with the view (White, 1936) that the starch-sugar balance of the 
frond is controlled by the potassium level so that with decreasing potassium 
supply a higher proportion of the carbohydrates formed are present as starch 
and a lower proportion as sugar. 

As the experiment proceeds and the effects of treatment become more pro- 
nounced there is an increase in root length of the colonies with high potassium 
supply and decrease in root length of the colonies with low potassium supply 
(Fig. I and Table II). This decrease of root length with potassium 
starvation is more severe at high light intensity, the magnitude of the fall 
during the second half of the experiment (Fig. 1) ranging from over 75 per 
cent. under 300 ft.-candles to less than 10 per cent. under 120 ft.-candles. 
This suggests that, if the experiment had been continued for a longer period, 
the length of root of the potassium-starved colonies would have become less 
at high light intensity than at low light intensity. Turning to Fig. 2 it is of 
interest to note that the curves of the colonies with relatively high potassium 
supply, if exterpolated, would cut the abscissa axis at light intensities of be- 
tween 30 and 40 ft.-candles, whereas the corresponding curves of the colonies 
with low potassium supply would cut the ordinate axis. This suggests that, 
if a light intensity lower than 60 ft.-candles had been used, root length would 
have been less with high potassium supply than with low potassium supply. 
Reduction of either light intensity or potassium supply alone clearly leads to 
proportionately greater decrease in length of root than reduction of both factors 
together, and increase of either light intensity or potassium supply alone to 
proportionately less increase in length of root than increase of both factors 
together. The basis of these effects, similar to those referred to in a discussion 
of the interaction of light intensity and nitrogen supply (White, 1937@), will 
be considered in a separate communication in conjunction with estimates of 
change in frond number, area, and dry weight. 


SUMMARY 


Variation in root length of Lemna colonies subject to sixteen combinations 
of light intensity and potassium supply was studied. Length of root (with net 
assimilation rate) is directly related to light intensity of the order of 50-300 
ft.-candles (continuous illumination) at all potassium levels, suggesting that 
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root growth is closely related to carbohydrate level. Decreasing root length 
with falling potassium level is associated with falling net assimilation rate but 
with rising starch content, this suggesting a close relationship between root 
growth and sugar level of the potassium-starved frond. Reduction of either 
light intensity or potassium supply leads at all levels to decrease of root length. 
The magnitude of this fall is relatively less when both factors are decreased, 
and relatively greater when one factor is decreased and the other maintained 
at the same level. 
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Studies in the Pathogenicity of Tropical Fungi 
If. The Occurrence of Latent Infections in Developing Fruits 
BY 


R. E. D. BAKER 
(Department of Mycology, Imperial College of Tropical Agriculture) 


I. INTRODUCTION 


N the first paper of this series, Baker and Wardlaw (1937) demonstrated 

that certain fungi, which cause active rotting of tropical fruits during 
storage or normal senescence, usually obtain entry at a much earlier stage in 
the development of such fruit, but remain inactive or dormant until final 
maturity begins. Both on scientific and practical grounds it would appear 
that this aspect of fungal parasitism deserves careful investigation. To this 
end an attempt has been made to determine at precisely what stage in the 
development of different tropical fruits these latent infections are established, 
and what ecological factors govern their distribution. 

In this paper a survey has been made of the organisms which may occur 
as latent infections during the development of citrus, mango, avocado pear, 
papaw, tomato and cacao fruits. 


II. Previous INVESTIGATIONS 


Investigations conducted, both in temperate regions and in the tropics, on 
the development of rots of ripening fruits have led to the conclusion that 
certain pathogens gain entry into the unripe fruit some considerable time 
before the fruit is harvested. Latent infections are formed, and are usually 
invisible when the fruit is picked, only becoming conspicuous during the 
later stages of ripening. 

Shear and Wood (1933) found that cultures of species of Colletotrichum 
and Glomerella could be obtained from the apparently healthy leaves, stems, 
flowers and fruits of many plants if the tissues were surface sterilized and 
incubated in a sterile container. Using a similar technique, Dastur (1916) 
found that Gloeosporium musarum gained entry into the fruits of the plantain 
in India while they were immature and green, and did not develop further 
until the onset of final maturation. A considerable amount of work has also 
been carried out on apple fruit rots, especially Venturia inaequalis, the cause 
of apple scab disease, and on certain storage rots of citrus fruits, avocado 
pears, mangoes and other tropical fruits. 

Kidd and Beaumont (1925) working with apples, concluded that storage 

[Annals of Botany, N.S. Vol. II, No. 8, October 1938.] 
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rots were brought about by spores which remained on the surface of the 
fruit or in the lenticels until such a time as they were able to germinate and 
enter the tissues. Other workers have realized that this explanation does not 
cover all the facts, and that consideration must be given to the presence of 
dormant infections established prior to harvesting. From the manner in which 
scab infections develop in storage, Weismann (1930) postulated that these must 
be present before the fruits are stored. Stahaelin (1931) and Faes and Sta- 
haelin (1931) reached a similar conclusion and advanced the suggestion that 
the mycelium of Venturia inaequalis must be present in the epidermis while 
the fruit is still attached to the tree. A. S. Horne and his colleagues (1930), 
Fulsom (1933), Bratley (1933, 1937), and Wormald (1934), all working with 
apples in storage, found the manner in which the lesions of scab develop in 
storage inexplicable unless it is assumed that they are established before the 
fruit is harvested. In brief, the present position with regard to apple scab 
investigations is that while many’ workers have indicated that latent infections 
must be present prior to harvesting, conclusive proof, based on isolating the 
organism from superficially sterilized epidermal tissue, has not yet been 
obtained. On the other hand, in studies of tropical fruits, and using an 
appropriate mycological technique, definite proof has been obtained that 
numerous latent infections are present in apparently healthy fruits (Baker 
and Wardlaw, 1937). 

In citrus fruits the skin is smooth and waxy, lenticels are absent, and the 
small, scattered stomata are incapable of harbouring fungal spores. Infection 
of lenticels of the type described by Kidd and Beaumont (1925) is therefore 
precluded. Hawkins (1921) found Colletotrichum gloeosporioides, the cause of 
anthracnose of many tropical fruits, in the skin of apparently sound grape- 
fruit in storage. Fulton and Bowman (1927), working with Phomopsis citri 
and Diplodia natalensis, two of the organisms causing stem-end rot of citrus 
fruit, concluded that these pathogens must already be present in some part 
of the button before harvesting, and that they subsequently passed into the 
tissues of the fruit. Ruehle and Kuntz (1931) isolated Phomopsis citri from 
young leaves, fruits, buttons and dead wood of citrus, and produced evidence 
indicating that the fungus was within the button when the fruit was har- 
vested; and Kuntz (1932) obtained pure cultures of Phomopsis citri from 
the buttons of immature citrus fruit. Tisdale and West (1934) also succeeded 
in obtaining pure cultures of Diplodia natalensis and Phomopsis citri from the 
buttons and stems of tree-ripe oranges and grape-fruit. From commercial 
experience Winston (1935) has inferred that the above stem-end rot pathogens 
must be established while fruits are still on the tree, and that the fungi are 
dormant in the stem or stem parts at the time of harvesting. As a result of 
mycological investigations on S. African grape-fruit and oranges, Bates (1936) 
has also advanced the theory that Colletotrichum gloeosporioides must be 
present in immature fruits as latent infections. Baker and Wardlaw (1937) 
found Phomopsis citri as a commonly occurring latent infection in fruits and 
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buttons of grape-fruit, but consider Botryodiplodia theobromae to be a 
wound parasite obtaining entry at the cut stem-end at the time of harvesting 
the fruit. 

Working with various tropical fruits, and using the sterilization and incuba- 
tion technique, Wardlaw (1931) confirmed the work of Dastur- (1916) that 
Gloeosporium musarum is present as latent infections in immature bananas, 
and Wardlaw and McGuire (1932), using a similar technique, showed that 
Piricularia grizea, the cause of pitting disease of the banana, is present in 
the tissues of green fruit. Similarly, Wardlaw and Leonard (1936) demon- 
strated the presence of Colletotrichum gloeosporioides in the skin of green 
mangoes and papaws. W. T. Horne (1934), from results obtained in storage, 
inferred that latent infections of Dothiorella ribis must be established in the 
avocado pear while the fruit is on the tree, and Horne and Palmer (1935) have 
shown that this organism enters the young lenticels of immature fruit on the 
tree, and forms mycelium which remains dormant in the air-spaces until the 
fruit is becoming senescent in storage. 

By making large numbers of isolations from apparently sound fruit of all 
ages, Baker and Wardlaw (1937) have shown that several fungi are of common 
occurrence in the tissues of many tropical fruits, and have demonstrated that 
by the time they are harvested all grape-fruit, mangoes, avocado pears and 
papaws contain the latent infections of several organisms. 


III. Orcanisms CausiInc LaTEeNT INFECTIONS IN TROPICAL FRUITS 


1. Colletotrichum gloeosporioides (Glomerella cingulata). ‘The conidial stage 
of this fungus can be readily isolated from citrus fruits, papaws, mangoes 
and avocado pears. Cultures on potato-sucrose-agar occasionally develop the 
perithecia, asci and ascospores of Glomerella cingulata. 

2. Guignardia sp. ‘This fungus was identified by the Imperial Mycological 
Institute (to whom the author is indebted for several of the identifications 
used in this paper) as a species of Guignardia hitherto undescribed. It pro- 
duces a pycnidial stage (Phyllostictina sp.), markedly resembling Phoma 
citricarpa, but since it does not appear to cause the Black Spot Disease of 
citrus, it must be regarded as a distinct species. It has been frequently 
isolated from the several fruits under consideration. 

3. Phomopsis citri was frequently isolated from citrus fruit. A species of 
Phomopsis indistinguishable from it has been obtained from papaws, man- 
goes and avocado pears. It seems probable that Phomopsis citri may be 
regarded as a pathogen common to a wide range of tropical fruits. 

4. Fusarium expansum was described in the first paper of this series as a 
possible latent infection. Further research has shown that its occurrence is 
irregular. It now seems more likely that it possesses resistant spores some- 
times capable of withstanding the surface sterilization technique used, and 
so appearing in the Petri dishes with latent infection fungi. 

5. Dothiorella ribis has been found occasionally as a latent infection of 
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mangoes and avocado pears; Horne and Palmer (1935) have described the 
method by which this fungus penetrates avocado fruits by way of the stomata 
and becomes established in the air-spaces as a latent infection. 

Certain other slow-growing fungi are present occasionally as latent infec- 
tions; but these await identification. 


IV. EXPERIMENTAL METHODS 


The technique for culturing surface washings and latent infections has 
already been described (Baker and Wardlaw, 1937). Plates for exposure in 
the field were prepared under aseptic conditions and immediately placed in 
the sterile container in which they were carried to the locality where they 
were to be exposed. After exposure they were replaced in the container and 
kept there until examined three days later, after which they were discarded. 
These precautions were necessary, and only one examination was possible 
because of the risk of confusing the abundant contaminations of a tropical 
laboratory with the fungi under investigation. 


V. Funcr ASSOCIATED WITH GRAPE-FRUIT 


1. The distribution of organisms in the orchards. Isolation of fungi from 
fruit washings, undertaken at regular intervals for over a year, has yielded 
the results summarized in Table I. Only organisms which could be identified 
are discussed; a minority of isolations was discarded as failure to induce 
sporulation or the development of fruiting bodies, sclerotia, &c., made 
identification impossible. From the data submitted in this Table it will be 
seen that an abundant saprophytic fungal flora is present in grape-fruit 
orchards, and that the modifying effect of season on the constituent members 
of this flora is negligible. On some occasions certain fungi have been notice- 
ably abundant, e.g. Acrothectum lunatum and Colletotrichum gloeosporioides. 
(Trinidad is in the humid tropics: temperature is fairly constant throughout 
the year and the dry season as a rule is not excessively severe.) The fungal 
flora obtained by exposing plates in plantations (Table II) was similar to that 
found on the surface of fruit. 

The spores of three common storage pathogens of grape-fruit, Botryodiplodia 
theobromae, Phomopsis citri and Colletotrichum gloeosporioides, were found 
fairly regularly, but others including Penicillium digitatum, Dothiorella ribis 
and Guignardia sp. (the latter produces abundant latent infections, but 
apparently never causes a storage rot) were not obtained: failure to isolate 
certain organisms is referable to the presence of unexplored factors and the 
limitations of the technique employed. Thus Penicillium digitatum, although 
abundant on dropped fruit, was not isolated. 

Table III gives the data for washings of fruit obtained from six estates in 
different areas under different conditions of soil exposure and rainfall. Of 
an identified flora of nineteen organisms, eleven have been found on five of 
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TaBLe I 
Grape-fruit: Superficial Fungi obtained by Washing 
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TABLE II 


Fungi on Plates exposed in Grape-fruit Orchards 
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the six estates. It would appear that, within limits, the general fungal flora 
of Trinidad grape-fruit plantations is similar. 

Various observers, including Smith (1931) and Taubenhaus (1934), have 
recorded that the fungi causing stem-end rots of citrus fruit (Phomopsts citri 


TaBLe III 
Distribution of Superficial Fungi in Grape-fruit Orchards 
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Nigrospora oryzae 

Phomopsts citri 
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and Diplodia natalensis) are present on the dead wood of citrus trees, and 
that the removal of dead wood reduces the incidence of these rots. These 
observations have been confirmed in Trinidad. Other fungi found on dead 
wood included Ustulina zonata and species of Nectria, Eutypella and Gnomo- 
nia. The conidia of Colletotrichum gloeosporioides were also found, but not in 
large numbers; the abundant supply of conidia necessary to produce the 
heavy incidence of latent infections recorded may, however, be derived from 
any of the numerous alternative hosts of this organism growing in proximity. 

2. Latent infections. The establishment of latent infections in grape-fruit 
has been followed from the time of fruit-setting in May until harvesting 
some nine months later. The results of these investigations are summarized 
in Tables IV and V. Since it is impossible to determine accurately the age 
of a grape-fruit, and both the time of setting and the size of fruit in different 
areas varies considerably, the data is presented in two ways—by weight of 
fruit (Table IV) and chronologically (Table V). It will be noted that at all 
times the latent infections of Colletotrichum gloeosporioides (Glomerella cingu- 
lata) far out-number those of any other organism. Latent infections of 
Guignardia sp. are fairly common and those of Phomopsis citri occur regularly. 
Other fungi, including Fusarium expansum, possibly occur as latent infections 
of citrus fruit. ‘The tables of isolations made show that young fruits are heavily 
infected with Colletotrichum gloeosporioides almost as soon as they are set—a 
condition which persists until the onset of decay in storage. Isolations have 
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also been made from grape-fruit flowers; Colletotrichum gloeosportoides was 
obtained in culture from the tissues of petals, sepals, receptacles, stigmas 
and recently set fruits. The evidence available indicates that the develop- 
ment of the fungus is arrested at a very early stage and that infections are 


TABLE IV. 


Grape-fruit: Isolation of Fungi present as Latent Infections. Under that of 
Weight of Fruit 


Number of 
Mean wt. pieces of Colletotrichum Colletotrichum Guignar- Guignar- 
No, of of fruit rind plated gloeosporioides. gloeosporioides. dia sp. dia sp. 


Date. Estate. fruit. (gm.). out, Total. Per cent. Total. Per cent. 

8/6/36 D 20 005 79 13 16 a ret 
19/5/36 A many 0°25 35 10 29 — — 
18/5/36 D ” 0°30 76 55 72 — _ 
18/5/36 D » 050 66 3 5 ne = 
19/5/36 A ° 0°50 4I 23 56 = wet 
11/5/36 C 10 1°00 143 39 27 oa — 
18/5/36 D 5 IIs go 24 27 — — 
19/5/36 A 4 1°50 59 9 15 a —_ 

8/6/36 D 6 8-50 128 31 26 _— _ 

8/6/36 D 6 16°5 103 10 10 —_ —_— 

4/6/36 B 6 17 115 82 71 I I 
11/5/36 C 6 22 93 60 64 — — 
19/6/36 A 6 26 126 24 19 4 3 
19/6/36 A 6 40 116 2g 20 I I 
13/7/36 B 6 42 116 73 63 37 32 
26/6/36 G 6 43 130 81 62 —_ _ 

9/7/36 D 4 45 76 52 68 5 a 
27/7/36 A 6 66 120 98 82 14 12 
26/6/36 (C 6 68 146 42 29 5 3 

9/7/36 D 6 88 113 98 87 — — 
13/7/36 B 2 97 38 32 84 10 26 
19/8/36 D 6 108 114 59 52 3 3 
27/7/36 A 4 175 81 68 84 10 12 
27/8/36 D 10 180 250 104 42 12 5 

5/8/36 C 6 188 120 33 26 9 q 
21/8/36 C 8 191 188 23 12 17 9 
19/8/36 D 5 220 103 71 69 4 4 

3/9/36 D IO =. 234 260 138 53 19 7 
i1/9/36 A foe 255 254 89 35 36 15 
25/9/36 D IO 89-315 240 86 36 7) Ol 


confined to the surface layers of the skin: thus in thin tangential sections of 
the skin, latent infections were invariably found to be confined to the surface 
layers. Latent infections may occur over the entire surface of the fruit; they 
are not noticeably more common at either the stem or the stylar end. As conidia 
of Colletotrichum gloeosporioides are too large to lodge within the stomata, in- 
fection of the type described by Kidd and Beaumont (1925) for apple lenticels 
is precluded. 

Dey (1919) has described the direct penetration of the cuticle of beans by 
Colletotrichum lindemuthianum; thereafter the organism persists as mycelium 
in the epidermal cells. It isa matter of some importance that the infection 
mechanism and nature of latent infections should be accurately defined if 
their further development in mature fruit in storage is to be explained: 
research along these lines is in progress. 

966.8 gee 
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Guignardia sp. does not gain entry into fruit as soon as Colletotrichum 
gloeosporioides (Glomerella cingulata), and was not found as a latent infection 
until June, or on fruit smaller than 17 gm. in weight. 


TABLE V 


Grape-fruit: Isolation of Fungi present as Latent Infections. Chronological 
Order 


Number of 


Mean Wt. piecesof Colletotrichum 
No. of _ of fruit rind plated gloeosporioides. 


Colletotrichum Guignar- Guignar- 
gloeosporioides, diasp. dita sp. 


Date. Estate. fruit. (gm.). out, Total. Per cent. Total. Per cent. 
11/5/36 Cc 6 22 93 60 64 a oo 
11/5/36 C 10 I 143 39 27 2+ a 
18/5/36 D 5 I°15 go 24 27 — = 
18/5/36 D many o'5 66 3 5 a os 
18/5/36 D » 0-3 76 55 72 ae <7 
19/5/36 A 1-5 59 9 15 = Tes 
19/5/36 A many 0°5 41 23 56 = = 
19/5/36 A » O25 35 3) 29 = = 

4/6/36 B 6 17 115 82 71 I I 

8/6/36 D 6 16°5 103 10 10 —_ — 

8/6/36 D 6 8-5 128 31 26 —_ —_— 

8/6/36 D 20 0°05 79 13 16 = — 
19/6/36 A 6 40 116 23 20 I I 
19/6/36 A 6 26 126 24 19 4 3 
26/6/36 Cc 6 68 146 42 29 5 3 
26/6/36 Cc 6 43 130 81 62 —_— — 

9/713 D 4 45 76 52 68 5 7 

9/7/3 D 6 88 113 98 87 = = 
13/7/36 B 2 97 38 32 84 10 26 
13/7/3 B 6 42 116 73 63 37 32 
27/7/36 A 4 175 81 68 84 10 12 
27/7/36 A 6 6 120 98 82 14 12 

5/8/36 Cc 6 188 120 33 26 9 7 
19/8/36 D 6 108 114 59 52 3 3 
19/8/36 D 5 220 103 71 69 4 4 
21/8/36 Cc 8 191 188 23 12 17 9 
27/8/36 D 10 180 250 104 42 12 5 

3/9/36 D Io 9-234 260 138 53 19 7 
11/9/36 A IO 255 254 89 35 36 15 
25/9/36 D 10 315 240 86 36 17 7 


VI. Func AssocIATED WITH MANGO 


The technique already described was found suitable for mangoes. Fruit 
from three orchards was studied. The organisms obtained from surface 
washings are indicated in Table VI. By comparing these data with those set 
out in Table I for grape-fruit, and Table VI for avocado pears, it becomes 
evident that the organisms listed constitute a common and widely distributed 
fungal flora of fruit trees in Trinidad. 

Colletotrichum gloeosporiotdes (Glomerella cingulata), Guignardia sp. and 
Phomopsis citri were present as latent infections, Colletotrichum gloeosporioides 
being the most abundant. Fruits became infected at an early age, e.g. when 
less than 10 gm. in weight; all fruits above this size were consistently infected. 
Both lenticels and the tissues lying between them yielded cultures, showing 
that infection may occur independently of lenticels. 
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Julie mangoes are generally picked when they are full grown, but still hard 
and green. At this stage small dark spots less than 1 mm. in diameter are 
usually visible on the skin both in the tissue between, and in contact with 
the lenticels. Mycological investigation showed that these are developing 


TABLE VI 


Mango and Avocado Pear: Superficial Fungi 


Mango Avocado pear 
Organism. orchard. orchard. 


B. 


| 


Acrothecium lunatum . A 

Aspergillus niger and other spp. 
Botryodiplodia theobromae . 
Cladosporium herbarum 

Clasterosporium maidicum 
Colletotrichum gloeosporioides é 
Coprinus sp. and other Basidiomycetes . 
Fusarium expansum . 3 ‘ 
Fusarium lateritium 

Fusarium sambucinum 
Helminthosporium sp. . 

Mucor sp. 0 : 

Neurospora sitophila . 

Nigrospora oryzae 

Papularia sphaerosperma ¢ 
Penicillium italicum and other spp. 
Pestalozzia leprogena . ! 
Phomopsts sp. (? citri) 

Pseudoplea trifolit 

Rhizopus nigricans : 
Spegazzinia ornata . ¢ ; 4 é A - + 
Trichoderma lignorum 4 5 3 5 : : - = 
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latent infections of Colletotrichum gloeosporioides. As the fruit ripens, these 
anthracnose spots develop rapidly; at tropical temperatures mangoes become 
rotten soon after ripening. 

Since mangoes suffer severely from blossom-blight caused by Colleto- 
trichum gloeosporioides, it is possible that, as in grape-fruit, latent infections 
‘are established at this early stage. As a practical issue, the application of a 
fungicide at the time of flowering has proved effective both in controlling 
blossom-blight and in reducing latent infections. 


VII. Funci ASSOCIATED WITH AVOCADO PEaR FRUITS 


The fungi found in the surface washings of avocado pears from three 
localities are given in Table VI; the similarity of this list to that made for the 
grape-fruit (Table 1) and the mango (Table VI) has already been mentioned. 

The organisms most commonly present as latent infections are Colleto- 
trichum gloeosporioides (Glomerella cingulata) and Guignardia sp. A Phomopsis 
species indistinguishable from Phomopsis citri is found more commonly in 
the avocado than in either the grape-fruit or the mango. Botryosphaeria ribis 
is found occasionally. 
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The skin of the avocado pear has a thick-walled epidermis covered by a 
waxy cuticle, providing a smooth surface on which water does not lie easily. 
The lenticels appear first as white spots against a green background, but later 
become suberized and brown. No functional stomata are present on mature 
fruit. 

The latent infections isolated from thirty-three fruits in various stages of 
maturity are given in Table VII. These were found both at the lenticels and 


TaBLeE VII 
Latent Infections of Avocado Pear. Series of Fruit taken by Weight 
Number of 
Weight of fruit Colletotrichum | Guignardia Phomopsis Botryosphaeria 
fruit (gm.). Tree. examined. gloeosporioides. sp. sp. (? cttri). ribis. 
20 3 and 2 3 9 14 4 —_— 
21-50 3 and 2 6 Gj 12 6 — 
51-100 3 and 2 6 13 35 17 I 
112 I 6 3 51 = _— 
300 x 6 15 36 — — 
538 B 6 12 18 10 I 
Total 33 59 166 9) 2 


in the tissues lying between them, some having been established early in the 
life of the fruit, e.g. in fruit of less than 20 gm. weight (mature fruit may 
weigh 500 gm.). From the data collected it would appear that there is little 
increase in infection during the later stages of fruit development. 

The large number of Guignardia isolations obtained is interesting since 
this fungus has not so far been observed or recorded as a cause of fruit 
rotting in avocados. 


VIII. Funer AssociaTeD WITH Papaw, TOMATO AND Cacao 


A brief account of the occurrence of latent infections in papaws was given 
in the first paper of this series. The papaw differs from the grape-fruit, 
mango and avocado pear in that no isolations of latent infections have so 
far been obtained from immature fruit. On three occasions series ranging 
from small recently set fruits to ripe fruits were examined: no cultures could 
be isolated from fruit less than three-quarters grown (Table VIIT). A 
further series of isolations from four full-grown green or ripening fruits 
yielded the following cultures: 


Colletotrichum gloeosporioides . : . 19 
Guignardia sp... , : ? eh 
Phomopsis (? citri) . : ; é uid 


Latent infections are therefore common in fruit of this type. Observations 
on the development of fungi on surface-sterilized fruits maintained under 
aseptic conditions suggest that latent infections may be present in the younger 


fruits, but that some inhibitory factor prevents their isolation by the technique 
ordinarily used. 


Baker—Studies in the Pathogenicity of Tropical Fungi. II 929 


Colletotrichum gloeosporioides and Phomopsis (? citri) were found commonly 
as latent infections in both immature and ripening cacao pods. Phytophthora 
palmivora, the cause of ‘black-pod disease’ of cacao was not found as a latent 


TABLE VIII 
Latent Infections of the Papaw 
Weight (% of 
weight of ripe Colletotrichum Guignardia Phomopsis 
fruit). gloeosporioides. sp. sp.(? cttrt). 
0-25 = — 
26-50 — = == 
51-75 a re Fiae 
76-100 5 14 4 


infection. It is possible that this fungus begins to spread as soon as it has 
gained entry into a cacao pod and has no dormant period. 

Latent infections of Phoma destructiva, Guignardia sp. and Colletotrichum 
gloeosporioides were found in green and in ripening tomato fruits. 


IX. RESULTS 


As was predicted in the first paper of this series (Baker and Wardlaw, 1937) 
latent infections of fungi have been found in fruit of all sizes, and it has 
been shown conclusively that in many instances these latent infections must 
have been established shortly after the fruit was set. Young grape-fruits less 
than a week old were shown to be heavily infected with Colletotrichum gloeo- 
sporioides, and isolations of this fungus were also obtained from all parts of the 
flowers. There is reason to believe that the large number of spores necessary 
to produce the heavy infection of Colletotrichum gloeosporioides in young fruit 
is produced on the rotting petals. Similarly, it has been shown that mangoes 
and avocado pears contain latent infections of several fungi less than two weeks 
after setting. The actual source of the infection is not known for the avocado 
pear, but, since mango blossoms are subject to a destructive ‘blight’ caused by 
Colletotrichum gloeosporioides, the latent infections in young mango fruits are 
presumed to come from the flowers. The papaw will be the subject of further 
investigation, since no latent infections could be isolated from fruit less than 
three-quarters grown, after which they became abundant. 

Cultures from the surface washings of fruit and from plates exposed in the 
orchards showed that there is a large fungal flora common to tropical fruit 
trees, and, that in the humid tropics such as Trinidad, this flora shows but 
little seasonal variation. 

It has been shown that in citrus fruits the latent infections are very small, 
and are confined to the surface layers of cells of the skin. They could not 
be found in stained microtome sections of the skin, and nothing is known 
at present of their nature, but it is hoped that further work will elucidate this 


matter. 
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X. SUMMARY 


1. An account is given of previous investigations, conducted both in 
temperate regions and in the tropics, which have led to the conclusion that 
certain pathogens gain entry into unripe fruit before the normal time of 
harvesting. In this way latent infections are produced which are usually 
invisible when the fruit is picked and only become conspicuous during the 


later stages of ripening. 

2. Colletotrichum gloeosporioides (Glomerella cingulata), Guignardia sp., 
Phomopsis citri and Dothiorella ribis occur as latent infections in fruit in 
Trinidad. Certain other slow growing fungi, which are as yet unidentified, 
occur occasionally. 

3. An account is given of the fungal flora of grape-fruit orchards, and this 
is compared with those of the mango and the avocado pear. The relative 
abundance of the different fungi which cause latent infections in tropical 


fruits is discussed. 
4. It is shown that the latent infections of Colletotrichum gloeosporivides are 


established in citrus fruits, mangoes and avocado pears shortly after the fruit is 
set, the decaying floral parts being in some instances the probable source of 
infection. 
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Possible Action of Phytohormones as Root-determiners 
BY 


H. W. HOWARD 
(School of Agriculture, Cambridge) 


With twelve Figures in the Text 


1. INTRODUCTION 


(il Pair are obviously two possible explanations of the fact that the 
meristems produced by treating the stems of plants with phytohormones 
develop into roots and not shoots. The first is that the phytohormones also 
act as ‘root-determiners’, i.e. they cause the meristem to develop into a 
root rather than a shoot. The second is that the meristems so induced, 
being formed from the cambial regions, are internal and not external, 
the normal origin of shoots being exogenous and of roots endogenous. 
Thus Tincker (1937) has suggested that the pressure of the tissues sur- 
rounding these new meristems might mould the parenchyma into cylindrical 
roots. . 

The following experiments and observations suggest that the phyto- 
hormones act as root-determiners. In fact, when the formation of meristems 
has been stimulated by a dose of hormone, adventitious shoots instead of 
roots may be formed in the absence of a further supply. Normal axillary 
buds, or parts of them, have also been observed to grow into roots when 
hormone was applied to the stem. 


2. EXPERIMENTAL TECHNIQUE 


It has been shown in various investigations that phytohormones are 
manufactured in developing buds and leaves, e.g. Went (1929), Thiman 
and Skoog (1934), and Avery (1935). From these situations they move 
morphologically downwards. Thus, for example, root development is 
stimulated at the base of a cutting. In most of the experiments here to 
be described decapitated plants, as shown in Fig. 1, were used. These plants 
have a region of stem higher than buds or leaves. 

The investigation to be described was part of an attempt to obtain tetra- 
ploid Brassicae by somatic doubling and so the plants used were seedlings 
of kale, Brassica oleracea. They were decapitated when they had two to four 
large leaves. At the same time the axillary buds were removed, but this opera- 
tion was not always complete and axillary buds were then removed at later 

[Annals of Botany, N.S. Vol. II, No. 8, October 1938.] 
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dates. Either the top of the stem or the portion xy, shown in Fig. 1, was 
smeared with the hormone paste. 

The hormone used was indole-3-acetic acid in the form of a 1 per cent. 
paste in anhydrous lanoline. In bright sunlight the paste melts and runs 
down the stems. This complication was avoided in the later experiments. 

The diagrams of the transverse sections, Figs. 2, 3, and 5, were made from 
enlargements of photomicrographs. 


Fic. 1. A. Seedling with two large leaves. B. After decapitation. Part xy of the stem is 
the region on which the hormone smear was placed. c. Top part of the stem enlarged to 
show the method of longitudinal cutting. 


3. PRODUCTION OF ADVENTITIOUS SHOOTS 


Ten plants were decapitated and the cut surface given one smear of the 
hormone paste. In all cases the smear melted and ran down one side of the 
stem. Only four plants produced adventitious roots on the side of their 
stems; these roots were removed. T'wo of these plants later produced on the 
side of their stems bud-like structures and a number of these grew out into 
leafy shoots. Besides these four plants there were also two which produced 
adventitious shoots from the sides of their stems withont previously forming 
adventitious roots. 

It was also observed in one plant that, when the leafy shoots had been 
growing for about four weeks, in two or three places on the old stem below 
a leafy shoot there was a renewed production of adventitious roots. Fig. 4 
is a photograph of this plant; all the shoots except the one photographed had 
been removed as cuttings to see if any were tetraploid. This production of 
a second batch of adventitious roots has also been observed in five plants of 
later experiments after leafy shoots had grown. 
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As controls there were five plants which were decapitated and another five 
which were decapitated and also had the cut surface smeared with pure lano- 
line. None of the control plants produced adventitious roots and two only of 
them produced callus buds. These callus buds were on the cut surface 
and not from the side of the stems. At least eighty kale plants had been 
decapitated and not treated with hormone pastes in earlier experiments to 
obtain callus buds. In no case had the production of adventitious roots been 
observed and callus buds were always formed on the cut surface only and 
never from the side of the stem. 

Another set of plants was decapitated and one side of their stems, region xy 
in Fig. 1, was smeared with the hormone paste. The stem of one of these 
plants, which produced adventitious shoot buds without a previous production 
of roots, was fixed when the buds were still small, embedded in wax, and 
sectioned transversely. Figs. 2 and 3 are diagrams of two of these sections 
showing two different shoot buds. The sections show that the buds have an 
origin from near the vascular bundles. There could also be seen in the 
sections small meristems which had not reached the exterior. It was presum- 
ably from such meristems that the second batch of adventitious roots was 
produced. 

The simplest explanation of the preceding observations is that the phyto- 
hormone has two effects; first it promotes the formation of adventitious meri- 
stems and then it acts as a root-determiner on these meristems. Thus the 
developing meristems become roots instead of shoots at the beginning of an 
experiment only, i.e. when there is a supply of hormone present. The 
renewed production of roots may have been due to the manufacture of a 
hormone by the developing adventitious shoots. An alternative explanation 
is that there are produced two types of meristems, root and shoot meristems, 
and that the root meristems only grow when there is a supply of hormone 
present, the shoot meristems when hormone is absent. If there are produced 
two types of meristems, it is to be expected that they will be produced from 
different tissues; otherwise there is no reason for supposing that there is more 
than one type of meristem. 


4. EXPERIMENTS WITH CUT AND SCRAPED STEMS 


The fact that adventitious buds can originate from meristems formed from 
tissues near the vascular bundles was very clearly shown in four plants. These 
plants were decapitated and one side of their stems smeared with the hormone 
paste. After one week the hormone paste was removed and at the same time 
the sides of the stems were scraped until the vascular bundles could be seen. 
These plants formed adventitious buds on the scraped parts and these buds 
could not have come from any tissue but one very near the vascular bundles. 
Fig. 6 is a photograph of one of these plants. Later one of these plants formed 
adventitious roots on the scraped part of the old stem beneath the now leafy 
buds. These roots could be seen to originate from the same regions as the 
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adventitious shoots. They also had an external origin because of the scraping 
of the stem. There is thus no reason to believe that the place of origin decides 


Fics. 2 and 3. Diagrams of transverse sections of stems showing the origin of two different 
adventitious shoot buds. The broken line shows the hypothetical position of the epidermis 
where this and part of the outer cortex have been lost. Vascular bundles are drawn in outline. 
Meristems are shown as small squares. 
why some meristems become roots and others shoots. Also the pressure of 


surrounding tissues does not appear to be necessary for the growth of meri- 
stems as roots. 
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Similar conclusions to those in the last paragraph were also suggested by 
the cut-stem experiments. In these experiments a half-cylinder of the top 
part of the stem, as shown in diagram c of Fig. 1, was removed from the 
decapitated plants. The cut surface was 
then smeared with the hormone paste. It 
can be seen in Fig. 5, which is a diagram 
of a transverse section through one of 
these stems one week after decapitation, 
that some of the meristems produced are 
not internal to the whole cortex and epi- 
dermis but only to a small part of the inner 
cortex at the most. The plants with cut 
stems were treated in three ways as is 
shown in the table. 

Plants 21-4 never produced any out- 
growths. Plants 6-20, with the exception 
of plants 10 and 20, all produced adven- 
titious roots from the cut surface before 1-9. 
There is thus no need for the pressure of 
surrounding tissues for adventitious meri- 
stems to grow into roots. Fic. 4. 


Photograph of plant with 
Plants 17, 18, and 19 produced shoot 4 second batch of adventitious roots 


buds when the hormone paste was re- formed below a leafy adventitious shoot. 


moved. Because of the cut stems it was possible to see that these buds were 
produced from meristems very close to others which had previously grown 
into roots. Plants 17 and 18 also formed a second batch of adventitious roots 


Treatments of Plants with Cut Stems 


Plants. First Treatment. Second Treatment. 

6, 7, 8, 9, Cut 22-8, and hormone New smears of hormone on 
10. paste applied. 7°9, 17°9, and 24:9. 

16, 17,18, Cut 22:8, and hormone Hormone smear removed on 
19, 20. paste applied. New _ 1-9, and no more applied. 


smear on 28°8. 
21, 22,23, Cut 22:8, and pure Lanoline removed. 
24. lanoline applied. 


when the adventitious buds had developed into shoots having about two large 
leaves. ‘These roots could also be seen to come from meristems close to those 
meristems which had grown into shoots. There thus seems to be very little 
doubt that there are not two different tissues producing two different types 
of meristems. 

The continued application of hormone paste to the stems of plants 6-10 
caused the stems of these plants to rot. Plant 6 was an exception and the stem 
of this plant was still producing adventitious roots when the adventitious buds 
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on plants 17, 18, and 19 could be recognized. Thus in this one plant in the 
presence of a continuous supply of hormone, meristems continued to grow 
as roots and no shoots were formed. Fig. 7 is a photograph of plant 18 when 
the buds had grown out into leafy shoots. When these shoots were removed 
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Fic. 5. Diagram of transverse section of treated half-cut stem, one week after decapitation. 
Xylem of vascular bundles now continuous and shown by shading. Meristems shown by 
small squares. 


as Cuttings, more adventitious shoots were formed. These may have developed 
from undifferentiated meristems, or from shoot meristems which were kept 
from growing by the inhibiting effect of the leafy shoots. When this second 


batch of leafy shoots had grown for some time a third batch of adventitious 
roots was produced. A x 


5. GROWTH OF AXILLARY Bups 


In the autumn of 1937 a number of plants were treated with growth-hormone 
paste. These plants were not decapitated but a half-cylinder of the stem 
below the terminal bud was removed (in the same position as that removed 
from the decapitated plants described above). The cut surface was smeared 
with the hormone paste. These plants formed adventitious roots very slowly 
in comparison with those plants treated earlier in the year. In several cases 
it was noticed that roots were growing from the axils of the cotyledons. 
These roots or root-initials could be very easily recognized by their white 
colour. Normal axillary buds are green or purplish in colour. In no case had 
growth-hormone paste been applied to these axillary buds but always to the 
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stem about an inch above these places. In all cases the cotyledons had 
dropped off. Samples of these stems were taken and sectioned longitudinally. 
In many untreated kale seedlings roots in the axils of the cotyledons have 
never been observed. 


St 
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Fic. 6. Fic. 7. 
Fics. 6 and 7. Fig. 6. Scraped stem with adventitious shoot buds. Fig. 7. Half-cut stem 
with adventitious shoot buds. 

Figs. 8-12 are sections through stems of treated plants in the region of the 
axils of the cotyledons. Fig. 8 shows a normal axillary bud. The vascular 
bundle to the cotyledon and the scar formed where the cotyledon has fallen 
off can also be seen. Fig. 9 shows a root which has developed not from the 
axillary meristem but from an adventitious meristem formed on the cotyledon 
scar. The broken lines show the root-tip which could only be seen in other 
sections. Fig. 10 also shows a root which has probably grown from an adven- 
titious meristem since there is dead tissue both below and above the out- 
growth. Fig. 11, on the other hand, shows a root meristem which has cer- 
tainly been formed from the normal axillary meristem. Only the top part has 
become a root meristem and this part has grown faster than the bottom part. 
There can also be seen in this section an adventitious meristem below the 
cotyledon scar. Fig. 12 shows one leaf initial of an axillary bud growing as 
a root. A similar development of the axillary bud of the other cotyledon had 
occurred. The greater growth of the top leaf initial as a root meristem has 
forced the rest of the bud downwards. There was no doubt that it was a leaf 
initial which had been converted into a root. As can be seen in the figure 
its vascular supply is connected with that of the rest of the bud. The bundle 
to the cotyledon can also be seen. 

In kale seedlings the axillary meristems grow after a time into small buds 
which cease to grow any larger under normal conditions when they are about 
4 inch long. The above results can be explained as being due to the root- 
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determining action of the growth hormone transported down the stem and 
acting on different stages of the growth of these axillary meristems. If the 
hormone acts on a very early stage the whole meristem becomes a root; at 
a later stage only one leaf initial grows into a root. The supposed downwards 
wn 
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Fics. 8-12. Longitudinal sections through axils of cotyledons: for description see text. 
Xylem of vascular bundles shown by shading. Meristems shown by small squares. 


transport of the hormone would be helped by the cutting of the stem so that 
it was in direct contact with the phloem and may be connected with the slow 
production of adventitious roots. It is probably significant that the parts of 
the axillary buds which became root meristems were the upper parts which 
were those nearest to the supply. Taken together with the observations on 
adventitious meristems these observations on the growth of axillary meris- 
tems suggest very strongly that the hormone has a root-determining effect. 
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6. DISCUSSION 


Williams (1937) has reported that preliminary experiments in Selaginella 
show that the presence or absence of hetero-auxin is an effective factor in 
determining whether an angle meristem shall develop as a rhizophore or as 
a leafy shoot. This conclusion is similar to the root-determining action 
suggested in this paper. 

Zimmerman, Crocker, and Hitchcock (1933) have caused plants to produce 
adventitious roots on their stems by treating them with carbon monoxide. 
This is not contrary to the above conclusions because in their experiments 
the roots were produced in regions of stems morphologically inferior to leaves 
and developing buds and these would act as suppliers of hormone. 

If the hormones do act as root-determiners, then the question arises how 
they have this effect. It has been shown by Snow (1935) that hormones can 
stimulate cambial growth. Both cambial growth and the growth of a root-tip 
meristem agree in that most new cell walls are produced in one direction and 
parallel to each other. If the new cell walls are formed at right angles to the 
hormone gradient (assumed in normal stems to be along radii from the 
phloem), then cambial growth stimulation and root-determining effect can 
be correlated. There is a little additional evidence for this suggestion. The 
adventitious roots formed by smearing the stems with growth-hormone paste 
are much thicker than those produced later when the adventitious shoots 
supply the hormone from the inside only and, it is suggested, to the meristem 
in a longitudinal direction only. Similarly it was found that the adventitious 
roots produced on non-decapitated plants were thick in the parts near the 
stem (i.e. where they had been surrounded by growth hormone) but became 
much thinner and normal in size as they grew away from the stem and the 
hormone was presumably only supplied to the adventitious root via its vascular 
system. On the other hand the effect may be a very different one. Thus the 
root meristems produced in the axils of the cotyledons were very easily seen 
to be different from the normal shoot buds by their white colour. Also it is 
possible to grow root-tips for very long periods in a culture medium which 
does not contain hormone, and after many subculturings the meristems still 
continue to grow as roots. 


SUMMARY 


1. The stems of decapitated kale plants were treated with paste containing 
indole-3-acetic acid. Adventitious shoots in addition to roots were produced. 
These shoots are produced at a later date than the roots or when the supply 
of hormone is removed. 

2. The production of a second batch of adventitious roots was observed 
when the adventitious shoots had grown for some time. 

3. Both adventitious roots and shoots are formed from meristems produced 
near the vascular bundles. 
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4. Buds or parts of buds in the axils of the cotyledons were found to 
develop as roots when the hormone was applied to the stem at a higher level. 
5. It is suggested that the most satisfactory explanation of the results is 
that the hormone has two effects: first it promotes the formation of meristems 
and then has a root-determining effect on these meristems. The growth of 
the second batch of adventitious roots (see paragraph 2 of summary) is 
explained as being due to the production of a hormone by the leafy shoots. 
6. It is also shown that an internal origin is not necessary for roots. 


APPENDIX 


Since this paper was sent to the press Stoughton and Plant (Nature, 1938, 
142, 293-294) have described their experiments with root cuttings of sea- 
kale (Crambe maritima). Their conclusion is similar to the one reached in 
this paper. They state: ‘From these experiments it is suggested that what- 
ever other substances may be concerned in bud and root production as 
proposed by Went, not only the subsequent growth but also the initial 
differentiation of meristematic tissue is determined, at least in part, by the 
local concentration of growth substance.’ 
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The Formation of Proteins in Leaves in Light of 
Different Quality 


BY 
R. H. DASTUR, 


U. K. KANITKAR 
AND 


M. S. RAO 
(Botany Department, Royal Institute of Science, Bombay) 


Nae reference to the work of one of the authors (1933, 1935, 1937) 
on the formation of carbohydrates in leaves exposed to different lights 
is necessary in order to understand the object of this investigation and the 
results discussed below. It was first shown that leaves exposed to an ordinary 
electric lamp contained less carbohydrates than those exposed to diffuse 
daylight of equal total intensity. The differences in the carbohydrate content 
of the leaves in the two lights were attributed to the differences in their 
spectral qualities. It was later shown that low photosynthetic activity in 
artificial lights was due to the lower proportion of the blue-violet rays present 
in them. Using lamps differing in the proportion of blue-violet rays it 
was shown that the photosynthetic activity decreased as the ratio of the 
intensity of red to blue-violet rays increased. The quantity of carbohydrates 
present in the leaves in the different lights were in the order: sunlight > arc 
lamp > ‘daylight’ lamp > ordinary electric lamp. Thus in white light the 
relative amounts of radiation of different wave-length are important in 
assimilation. 

Working with red light (6,200-7,000), blue-violet light (4,000-4,700), and 
daylight of equal intensities, it was found that photosynthetic activity was 
highest in white light, low in red light, and still lower in blue-violet light. 
It was thus established that the red region and the blue-violet region were 
both necessary for the normal photosynthetic activity, and that even with 
white light the assimilation depends on the distribution of radiation of 
different wave-length. 

As the photosynthetic activity is measured by determining the amounts 
of carbohydrates present in the leaves after exposure to each quality of light, 
the results as such may not give a true picture of the assimilatory activity of 
the leaves under each condition, as the determinations are of the carbo- 
hydrates accumulated but not of the carbohydrates synthesized. It is 
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reasonable to assume that some of them may have been utilized in the syn- 
thesis of proteins in the leaves. It is therefore likely that the lesser amounts 
of carbohydrates found in leaves in artificial sources of light may not be 
due to a lower photosynthetic activity but to a more or less rapid utilization 
of carbohydrates in the synthesis of proteins. It seemed therefore advisable 
to test this point by determining the quantity of proteins formed in leaves 
under similar conditions of experimentation employed in the previous 
work. 

The methods of exposure, the sources of lights used, and the species 
selected for work were the same as those employed in the work mentioned 
above. The plants used were Helianthus annuus, Raphanus sativus, Nicotiana 
Tabacum, Ricinus communis, Abutilon astaticum, and Tropaeolum majus. ‘The 
sources of light employed were daylight, 1,500-watt ordinary electric lamp, 
1,500-watt ‘daylight’ lamp, and a carbon-arc lamp. The red (6,200-7,000) and 
blue-violet (4,000-5,000) lights were obtained by using a carbon-arc lamp 
and daylight. The intensities were made equal in all cases by the method 
employed in previous investigations. 

Potted plants were used. They were kept in the dark for seventy-two hours 
before exposure to lights. Five replicated experiments were performed in 
each set. The leaves taken for analysis were just fully grown; old leaves were 
avoided. 


METHODS USED IN THE PREPARATION OF THE MATERIAL FOR ANALYSIS 


In studying changes in plant metabolism under different conditions it is 
often necessary to preserve the material for future analysis. From the review 
of literature, drying seems to be one of the most reliable methods for preserva- 
tion when the plant tissue is not of the acid type. It is, however, necessary 
that proteolytic changes occurring in the leaves during the process of prepara- 
tion of the material should be reduced to a minimum in order that the results 
may be expressive of the changes in leaves on illumination. Chibnall (1922) has 
shown that considerable changes occur in the nitrogenous constituents of the 
leaves of runner beans at room or low temperatures. In this case enzyme 
action is not precluded and proteolysis sets in. Osborne and Wakeman (1920) 
point out that there is very slight protein change in leaves properly dried at 
60° C. as compared with fresh leaves used for analysis, whereas at lower 
temperatures considerable proteolysis occurs. Link and Schulze (1924), who 
have made a thorough investigation of the effects of desiccation on various 
tissues, state that each tissue represents a separate case and no general conclusions 
applying to all types of tissue can be drawn. However, higher temperatures, 
80°-98°, gave a diminution of soluble N by coagulation, whereas lower 
temperatures, 32°-45°, gave higher proportions of this fraction due to auto- 
lysis. ‘Thus the general effect is a decrease of soluble N by coagulation or 
desiccation. Mulay (1931) suggests that proteolytic changes occurring at 55°C. 
are negligible when drying is done in a hot-air oven. It is thus evident that 
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considerable variation of opinion exists as to the effect of temperature in 
drying, this variation being mainly due to differences in the material employed. 

In our studies an experimental comparison was made between the drying 
method used by Mulay (1931) and the one suggested by Link and Schulze 
(1929) and improved upon by Pearsall and Wright (1929). The latter workers 
dried material at 95° C. for half an hour and then at 60° C. to constant weight; 
the first half-hour’s drying being employed to kill enzymes. The results’ 
indicated that the values for the total water-soluble organic N and the 
insoluble protein N were the same by these two methods, but there were 
differences in the relative distribution of various soluble fractions, such as 
amino N, polypeptide N, &c. As in the present investigation the changes in 
the relative distribution of soluble fractions do not affect the general trend 
of the results, the method used by Mulay (1931) is therefore considered to 
be satisfactory. 

Due to these differences found on analysis the total water-soluble protein 
N, polypeptide and diamino N, monoamino N, and amide N are not given 
or considered separately, but are added together and termed ‘water-soluble 
organic N’ in the results given below (Tables I to VI). In this investigation 
it will be seen that inorganic N is not considered. In each experiment the 
values of the total soluble organic N found in the leaves before exposure to 
each light are subtracted from those found in the leaves after exposure, unless 
otherwise stated. The residual organic nitrogen is generally taken as insoluble 
protein N. This was determined, but is not given in the results, as only the 
mobile forms of proteins are important. The results showed no increase in 
the insoluble protein nitrogen after exposure to light, but there was marked 
increase in the water-soluble organic nitrogen including protein, polypeptides, 
and amino acids after such exposure, indicating that they are synthesized 
during the period of exposure. 


Extraction with water. 


One gramme of the powdered material is taken and mixed with 50 c.c. 
of cold water in a 100-c.c. conical flask. The flask is shaken on a mechanical 
shaker for two hours, centrifugalized, and decanted off. The leaf material is 
further mixed with water, shaken, and centrifugalized, and the combined 
water extracts made up to 250 c.c. Fifty cubic centimetres of this solution 
are taken for determination of total nitrogen by means of Gunning’s method. 
The result is termed A. 

One hundred and fifty cubic centimetres of the remaining extract are then 
taken in a beaker and the water-soluble proteins are precipitated with colloidal 
ferric hydroxide after bringing the pH of the extract to 4. The extract is 
centrifugalized and the precipitate washed twice with distilled water and the 
washings added to the mother liquid. One-third of the resulting liquid is then 
taken and the total nitrogen is determined. This is termed B. ‘The difference 
between A and B gives the total water-soluble protein nitrogen. The 
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remaining two-thirds of the filtrate, after precipitation with ferric hydroxide, 
is treated with 20 per cent. phosphotungstic acid and is allowed to stand for a 
few hours and then filtered. Half of the filtrate is taken for the estimation 
of total nitrogen. This is termed C. The difference between B and C gives 
the nitrogen of polypeptides and diamino acids, following Lincoln and Mulay 
1929). 

ah remaining half of the filtrate, after precipitation with phosphotungstic 
acid, is mixed with an equal quantity of 8 per cent. hydrochloric acid and 
boiled for two hours under a reflux condenser to hydrolyse the amides. The 
solution is made alkaline with magnesium oxide and ammonia is distilled off. 
The nitrogen thus obtained is the amide nitrogen. 

The residue remaining after extraction is estimated for total nitrogen to 
give the residual organic insoluble nitrogen. 

Another gramme of the dry sample is shaken up with 20 c.c. of water, 
centrifugalized, washed as before, and then made up to 50 c.c. Monoamino 
acids are determined in this extract by Van Slyke’s method. 


INVESTIGATION 


It was necessary to study the protein contents of leaves during photo- 
synthesis in white lights derived from different sources and to see how they 
affect the conclusions reached earlier regarding the effect of lights of different 
spectral intensities on the formation of carbohydrates in leaves. Daylight, a 
carbon-arc lamp, a ‘daylight’ lamp, and an ordinary gas-filled electric lamp 
were used as sources of light. 

The results of soluble total organic nitrogen (including soluble protein N) 
are given below in Table I. The formation of proteins in the leaves of Helian- 
thus and Ricinus is highest in the ‘daylight’ bulb, medium in the ordinary 
electric, and low in daylight. Similarly, formation of proteins in the leaves 
of Abutilon asiaticum is highest in the carbon-arc lamp. Comparing the 
results of soluble total organic N in leaves of Helianthus annuus exposed to 
a carbon-arc and a ‘daylight’ lamp, it is found that the formation of proteins 
in the former light is greater than in the latter. 

The results of the soluble organic N formed in these lights were examined 
by Student’s method to see if the differences are statistically significant; the 
results are given below. 

The protein formation in these lights is in the order: carbon arc > ‘daylight’ 
lamp > ordinary electric lamp > daylight; while the carbohydrate formation 
in the same lights was in the order: daylight > carbon-arc > ‘daylight’ 
lamp > ordinary electric lamp. 

The results obtained both here and before show increased formation of 
proteins with low photosynthetic activity in the ordinary electric light, while 
in the sunlight there is a decreased formation of proteins with high photo- 
synthetic activity. It therefore appears that more carbohydrates are actually 
formed in the electric light than are shown by analysis, the rest being utilized 
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in the protein synthesis. There is, however, low protein synthetic activity in 
daylight where carbohydrates are found in larger amounts. The only explana- 
tion is that in daylight, with its high photosynthetic activity, the process of 
protein synthesis is depressed, very probably as a result of the accumulation 


TABLE | 


Water-soluble Total Organic N (mg. per 100 gm. dry wt.) produced in Leaves 
after Exposure for 5 Hours) 
Ricinis communis 
Expt. 1. Expt. 2. Expt. 3. Expt. 4. Expt. 5. Mean. 


“Daylight? lamp : ‘ 2 OLS 522 614 527 444 545 
Ordinary electric lamp 208 273 383 351 222 325 
Daylight . ; : 279 202 193 205 150 206 
Helianthus annuus 
‘Daylight’ lamp : : . 364 307 420 271 a 340 
Ordinary electric lamp : 320 244 326 145 —_ 259 
Daylight . : : aeLTOS 135 197 61 — 143 
Abutilon asiaticum 
Carbon-arc 2 : - 406 656 395 572 437 493 
Ordinary electric lamp So XG) 285 324 291 306 290 
Daylight . : : e230 252 237 327 290 205 
Helianthus annuus 
Carbon-arc : : - 206 50 241 523 314 267 
‘Daylight’ lamp . : : 120 59 131 390 212 182 
TABLE II 
Helianthus. Abutilon. Ricinus. 
Ordinary electric v. sunlight Significant Notsignificant Significant 
Daylight lamp wv. ordinary electric Significant Highly significant 
Carbon arc v. daylight lamp Significant 
Carbon arc v. ordinary electric Significant 


of carbohydrates, while in the ordinary electric light low photosynthetic 
activity does not interfere with the process of formation of proteins and most 
of the carbohydrates that are produced are utilized in that process. ‘This 
explanation is in accordance with the results of the quantities of proteins 
present in the leaves exposed to the carbon-arc and the ‘daylight’ lamp, 
where, on account of the presence of higher proportion of blue-violet rays, 
the photosynthetic activity is higher than in the ordinary electric light 
accordingly more proteins are formed in the carbon-arc and in the “day- 
light’ lamp than in ordinary electric light, as carbohydrates formed are higher 
in the former than in the latter. At the same time the formation of carbo- 
hydrates in the carbon-arc and the ‘daylight’ lamp is not so high as to 
interfere with the process of protein synthesis as is the case with daylight. 

In order to test the above conclusions, a set of experiments was arranged 
to discover if there is a greater formation of proteins in electric light than in 
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other lights when the supply of carbohydrates is not limiting the process. 
A batch of potted plants of Tropaeolum majus was first kept in the dark for 
seventy-two hours, as usual. They were then all exposed to direct sunlight 
for three hours in the morning in order to produce sufficient amounts of 
carbohydrates in the leaves. After three hours they were divided into five 
groups. One group was allowed to remain in daylight, the second one was 
exposed for three hours to ordinary electric light, the third one to a carbon- 
arc lamp, the fourth to a ‘daylight’ lamp, and the fifth was taken for protein 
analysis. A group of plants was also taken for analysis before the first exposure 
of three hours to sunlight. After the additional exposure of three hours to 
each light the leaves and petioles of the four groups were taken for analysis 
of total organic nitrogen. The results of the total soluble organic nitrogen 
present and formed in the exposure of three hours to each light are given in 
Table III in the case of the five replicated experiments. In the former set 
of experiments the values of soluble organic nitrogen are for six hours, while 
in this experiment they are for three hours. 


TABLE III 


Water-soluble Organic N (mg. per 100 gm. dry wt.) of Leaves Before and After 
Exposure to Different Lights 


Tropaeolum majus Increase 
in soluble 
organic N 
Exposure. Expt. 1. Expt. 2. Expt. 3. Expt. 4.. Expt. 5. Mean. in 3 hours. 
Dark 234 193 211 305 195 227 
Daylight 354 331 247 338 301 314 87 
(3 hours) 
Daylight 406 331 358 348 412 371 57 
Carbon-arc | .¢ 400 275 422 345 382 365 51 
lamp @ 
‘Daylight’ |, 449 278 408 314 314 352 38 
lamp 3 
Ordinary | 2 506 473 679 381 411 490 176 
electric - 
lamp 


The results show that greater formation of proteins occurs in electric light 
than in daylight when the supply of carbohydrates is not limiting the process. 
During the first three hours’ exposure to sunlight the carbohydrates accumu- 
late, and during the second exposure of three hours to ordinary electric light 
the process of protein synthesis goes on at a higher rate than in other lights 
as the photosynthetic process is depressed due to the deficiency of blue-violet 
rays. As some carbohydrates had already accumulated in the first three hours’ 
exposure to daylight, a part of them, along with those that are formed in the 
second three hours’ exposure to electric light, must have been utilized for the 
formation of proteins. But the results also suggest that enough carbohydrates 
have accumulated in three hours in sunlight to prevent protein synthesis 


in Leaves in Light of Different Quality 949 


going on at its maximum rate. The amounts of proteins formed in the second 
exposure of three hours in daylight, carbon-arc lamp, and ‘daylight’ lamp are 
more or less the same, firstly because enough photosynthetic products have 
accumulated in the first exposure of three hours to daylight, and secondly the 
photosynthetic process proceeds at a higher rate in these lights than in the 
ordinary electric light during the second three hours’ exposure. 

A determination was also made of the proteins formed in electric light in 
the leaves of the same species without previous exposure to daylight to 
discover if greater amounts of proteins are formed in leaves by increasing the 
supply of carbohydrates than in the leaves where the additional supply of 
carbohydrates is not increased. The results (Table IV) suggest that enough 
carbohydrates have accumulated in three hours in daylight to depress protein 
synthesis. 


TaBLe IV 


Water-soluble Organic N (mg. in 100 gm. dry wt.) formed in Leaves of 'Tropaeo- 
lum majus in Ordinary Electric Light with and without a previous three hours 
Exposure to Daylight 


Expt. 1. Expt. 2. Expt. 3. Expt. 4. Expt. 5. Mean. 


Without exposure A 188 206 343 382 235 271 
B 232 370 390 216 296 281 
With exposure 304 284 864 86 220 351 


Proteins formed during exposure to monochromatic blue-violet and red lights. 


Dastur and Mehta (1933) found that more carbohydrate was formed in leaves 
in red light than in blue-violet, while the highest amount was formed in 
white light (daylight) of equal intensity. The order was: daylight > red 
light > blue-violet. For the various coloured lights sunlight was used as a 
source since the total intensity of blue-violet in ordinary electric light was too 
low for the process to go on. To make the total intensities of the two mono- 
chromatic lights equal to the white light, they employed an indirect method 
by which the total transmission of white and red lights was made equal to 
that of the blue-violet light, the total transmission in the latter being 23-9 per 
cent. Thus the total intensity of each light employed was very low. 

In view of the results obtained with carbohydrates, with the two mono- 
chromatic lights and with white light it was of interest to determine the 
proteins formed in blue-violet and red lights. The same method was adopted 
to obtain blue-violet and red light. 

Although there is an indication of slightly greater formation of proteins in 
the blue-violet than in the red light, the differences between the two are not 
statistically significant, the value of P exceeding 0-05. In white light the 
formation of proteins in leaves of Helianthus is greater than in the other two 
monochromatic lights. As the photosynthetic activity is low in monochro- 
matic light the synthesis of proteins is also correspondingly low. The results 
of carbohydrate analysis of the leaves in the monochromatic lights showed 
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that the photosynthetic activity was higher in the red than in the blue-violet, 
while the proteins formed in the two cases were equal. It therefore appears 
that some amount of the carbohydrates formed in the blue-violet and red 
light are utilized in protein synthesis, a higher surplus of carbohydrates being 


TABLE V 


Water-soluble Organic N (mg. in 100 gm. dry wt.) formed in Leaves in Red and 
Blue-violet Light of Low Intensity 


Helianthus annuus 
Expt. 1. Expt. 2. Expt. 3. Expt. 4. Expt. 5. Mean. Pp; 


Blue-violet . : 26 63 — 54 84 56 
Red . ; ] 51 49 —- 47 61 43 o2Por 
Daylight ; - 108 135 — 197 61 143 

; Tropaeolum majus 
Blue-violet . : 131 85 223 Gy 181 159... ‘ 
Recimaer ; OO 148 84 82 106 105 oe 

Raphanus sativus 

Blue-violet . b 37 49 25 68 88 Soe ; 
Red . F : 56 46 21 97 6 45 o'7 P 0-6 


left in the red light than in the blue-violet light as a result of the greater 
photosynthetic activity of the former. If this is so, an increase in the total 
intensities of the red and blue-violet lights beyond that employed in the above 
experiment should give more proteins in the blue-violet light than in the red, 
as it is possible that carbohydrate supply may be more strongly limiting in 
the blue-violet light than in the red. By increasing the total intensity of the 
two lights carbohydrate supply will increase in the blue light, and there will 
therefore be greater protein synthesis as in the electric light; in the red light, 
however, a further increase in carbohydrates may not increase the rate of 
protein synthesis, as is the case in daylight. 

The carbon-are was used as a source of light, and a much higher inten- 
sity of monochromatic blue light was obtained than before. The intensity of 
the red light was made equal to that of the blue-violet light by interposing 
glass plates, as before (1935). The results of total protein N formed in the two 
monochromatic lights in leaves of four species are given in the Table VI. 

The results show that greater amounts of soluble organic N, including 
water-soluble proteins, are formed in the leaves in the blue-violet light than 
in the red light. The differences between the means of total water-soluble 
organic N contents in blue-violet light and red light are statistically significant, 
with P o-or. 

On comparing the results in Tables V and VI it will be seen that the higher 
intensity of the blue-violet light has resulted in the formation of greater 
amounts of proteins in the leaves of the three species. The differences in the 
mean organic N contents of leaves exposed to a low and high intensity of 
blue-violet light are found to be statistically significant in these species. This 
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is not so in the case of the leaves exposed to low and high intensity of red 
light where the differences between the mean total organic nitrogen contents 
of the leaves are not statistically significant. By increasing the intensity of red 
light the rate of protein synthesis is not increased though the rate of photo- 
synthesis may have been increased. 


TABLE VI 
Water-soluble Organic N (mg. in 100 gm. dry wt.) formed in Leaves in Lights 
of Equal Intensity. Intensity higher than in Table V 


Tropaeolum majus 
Expt. 1. Expt. 2. Expt. 3. Expt. 4. Expt. 5. Mean. RP; 
Blue-violet . on 356 251 333 193 304 279 


Red . : a eG 200 92 128 160 145 Eeoor 
Raphanus sativus 
Blue-violet . ; 102 109 72 100 134 105 
INGEL 5 : : 72 106 31 39 29 55 no 
5 Helianthus annuus 
Blue-violet . } wari 118 191 100 144 133 
Red . Z : 28 51 63 85 57 57 P oor 
Nicotiana Tabacum 
Blue-violet . - 160 120 136 178 160 151 
Red . : : 60 38 24 113 68 60 
CONCLUSIONS 


The results obtained above for the formation of proteins during photo- 
synthesis in leaves exposed to white lights of different spectral quality and 
to monochromatic light do not in any way affect the general conclusions 
reached in the previous investigations as to the importance of blue-violet 
rays in the photosynthetic process. When the ratio of the intensity of red to 
that of blue-violet rays is high, as in the case of ordinary electric light, the 
photosynthetic production of carbohydrates is depressed and the formation 
of proteins, although not interfered with, is limited by the carbohydrate 
supply. When this ratio is low, as in daylight, the process of carbohydrate 
synthesis goes on at its maximum rate and the process of protein synthesis 
is low, due to the large accumulations of the products of photosynthesis. 
With an intermediate ratio of red to blue-violet rays, as in the case of the 
carbon-arc, both the processes go on without any interference and the synthesis 
of proteins continues at a greater rate than in the electric light. 

The results obtained with the two monochromatic lights also support the 
same conclusions. With low intensity of red or of blue-violet rays the low 
rates of carbohydrate synthesis do not interfere with the process of protein 
formation, which is here again limited by the carbohydrate factor. With high 
intensities of red and blue-violet rays, the relations between the two pro- 
cesses are similar to those found for daylight and electric light. In the 
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blue-violet light the formation of proteins takes place normally, while in the 
red light the process is interfered with by the accumulation of carbohydrates. 
Greater formation of proteins occurs in the blue-violet light of high intensity 
than in the same light of low intensity as the carbohydrate supply is increased, 
but not to the extent of interfering with the process. In the red light of low 
and high intensities there is no difference in the quantity of protein formed, 
indicating that the high rate of photosynthesis in the red light of high intensity 
interferes with the protein formation due to accumulation of carbohydrates, 
as in daylight. 

The results support the conclusion that there is a condition of balance 
between the two processes occurring in the leaves. During day-time high 
activity in carbohydrate production loads up the cells with these products and 
the other process is depressed. The results also show that light has perhaps 
an indirect role to play in the way of carbohydrate supply in the process of 
protein synthesis. 


SUMMARY 


In continuation of the previous work on carbohydrate content of leaves 
(Dastur et al. 1933, 1935, and 1937) exposed to light of different qualities the 
water-soluble, organic nitrogen content of leaves of Helianthus annuus, Ricinus 
communis, Abutilon astaticum, Tropaeolum majus, Raphanus sativus, and 
Nicotiana Tabacum have been examined. 

The order of increase of the water-soluble N of the leaves in different lights 
of equal total intensity is carbon arc > ‘daylight’ lamp > ordinary electric 
lamp > daylight. 

If monochromatic light and daylight are compared the organic N content 
with low light intensity is in the order daylight > red light = blue-violet 
light. With high intensity, using the carbon arc, the blue-violet is more 
effective than the red. 

The explanation is put forward that during the process of photosynthetic 
assimilation there is a condition of balance between protein formation and 
carbohydrate production. When the ratio of the intensity of red to blue- 
violet ray is high, as in ordinary electric light, the carbohydrate production 
is depressed and the formation of proteins is limited by the carbohydrate 
supply. When the ratio is low, as in daylight, the rate of carbohydrate pro- 
duction and the rate of protein formation is depressed by the accumulation of 
carbohydrates. With an intermediate condition, as in the light of the carbon 
arc, both processes go on actively, protein formation being more active than 
in ordinary electric light. 
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NOTES 


ON THE RELATION BETWEEN THE DISTRIBUTION OF AUXIN 
IN THE TIP OF THE AVENA COLEOPTILE AND THE FIRST NEGA- 
TIVE PHOTOTROPIC CURVATURE.—According to the Cholodny—Went 
theory the phototropic curvatures in Avena coleoptiles are related to the unequal 
distribution of auxin on the two sides of the coleoptile tip. That actual unequal distri- 
bution of auxin does follow on unilateral illumination of the coleoptile tip was experi- 
mentally demonstrated for the first time by F. W. Went (Die Erklarung des photo- 
tropischen Kriimmungsverlaufs: ‘Rec. trav. bot. néerl.’ xxva: 483-9; 1928). He 
found the difference in the auxin distribution, in the case of first positive photo- 
tropic curvature, of the order of 32 and 68 per cent. between the illuminated and 
dark sides respectively. A detailed discussion of this matter will be found in a recent 
monograph (Went, F. W. and Thimann K. V., ‘Phytohormones’, Macmillan & Co., 
1937): 

When the writer visited the Botanisch Laboratorium, Utrecht during the summer 
of 1935 it was suggested by Dr. F. W. Went that the question as to whether differen- 
tial distribution of auxin occurs in the first negative phototropic curvature would 
be worth investigating. Accordingly this study was undertaken at the Botanisch 
Laboratorium, Utrecht. . 

The technique of this type of work is too well known to need any detailed descrip- 
tion. It may, however, be recorded that the standard technique employed at Utrecht 
was strictly followed throughout, and three decapitations, spaced two hours apart, 
were carried out on test plants, as recommended by Dr. A. N. J. Heyn of the 
Botanisch Laboratorium, Utrecht. 

In order to determine how far auxin distribution was uniform a number of control 
experiments were carried out on coleoptile tips of plants grown in the dark. The 
results are as follows: 


TABLE [ 


Curvatures (Degrees) obtained with Test Plants on applying Auxin collected from 
the Left and Right Sides of Unilluminated Coleoptile Tips. October 1935. 


Number of 
Date. Left. Right. plants. 
— 7°55+0°8  8-9+0°82 II 
8/10/35 2°90+0°87 3:35+0°71 10 
10/10/35 5°68+1:0 5:0+0°82 II 
5/10/35 = 7°'75+0°97 6:25+1°48 6 


18/10/35 8-23+2°74 8:13+2°75 II 
20/10/35 4°54£1°54 5°20+1°77 12 
Mean . 6-11 6°14 — 


The differences between the means of the individual experiments are not 
statistically significant according to Student’s ‘t’ test. We may thus conclude from 
the means of six experiments, based on 61 coleoptile tips and 122 test plants in all, 
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that auxin distribution is equal on the two sides of the coleoptile tip unexposed to 
light. 

It will also appear that the variations from day to day are fairly large. Similar 
variations have been reported by workers in Utrecht and elsewhere. No satisfactory 
explanation of this discrepancy has been suggested so far, and for further discussion 
Went and Thimann’s monograph may be consulted. 

For the first negative phototropic curvature, the plants were exposed to one-sided 
illumination, for 40 seconds, from a 350 c.p. lamp at 1 metre distance. The coleop- 
tile tips were then cut off, auxin collected in the agar blocks from the dark and 
illuminated sides respectively; the tests were carried out in the usual manner and 
in the same month (Oct. 1935). The results are given in Table II. 


TaBLe II 
Percentage 
of control 
plants 
showing 1st 

Dark Illuminated No. of negative 

Date. side. side. plants. curvature. 
11/10/35 3:0to0-11 3°47+049 8618 — 
12/10/35 3°03+0°65 414+0°52 17 = 
15/10/35 3°97+0°32 3:95+0:29 20 5° 
17/10/35 7974097 6:23+0'58 17 64 
18/10/35) 5°55+1'48 9=7°75+1°37_ 10 7° 
20/10/35 3°87+0°33 57-40-75 12 80 
24/10/35 5°73+0°92 9°73-0-9 15 64 
25/10/35 6:56+09 I1-12+1-2 18 —_ 
26/10/35  5:00--o-8r 8-40-77 18 — 
28/10/35  3:09-+0°52 506-0749 17 60 
30/10/35 6:11-+0-77 9°72-+0°8 18 — 
31/10/35 7:77+1-06 Ti:06zEar09s 15 — 
Totals 61-65 86-33 195 — 
Means 5°14 7-19 — — 


It may be pointed out that the differences between the means of 


ments are not significant statistically, 


highly significant. With the except 
and 17/10/1935 respectively, all others show 


ion of experiments 


the first six experi- 
according to the ‘2’ test, whereas the last six are 
performed on 15/10/1935 


greater auxin-content on the illumi- 
nated side. The probable reason why the first six results, considered individually, 
do not attain the level of statistical significance, is that the first negative phototropic 
curvature is very small as compared to the first positive, and hardly attains a range 
of 5°; in addition the proportion of plants showing this response is very variable, as 
will appear from an inspection of column 5 of Table II. On six different occasions 
about a dozen out of a number of plants exposed for experiment were left with their 
coleoptiles intact. On no occasion did all the plants show negative response. In the 
experience of the writer, all the plants exposed for the first positive curvature have 
without an exception shown very good response. Probably the small range of light 
intensities in which the first negative curvature occurs, as compared with that for 
positive curvatures, coupled with the variability of plants, partially accounts for the 
erratic behaviour during a negative response. Moreover, the percentage of plants 
showing this response also varies from day to day which makes the study more 
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difficult. For this reason, the two means of the single experiments have been taken 
together and two new means calculated and their difference tested for significance 
both by the ‘*’ and the ‘Z’ tests. For variance due to treatment ‘Z’ = 1-426 (theo- 
retical ‘Z’ for m, = 1 and m, = 11 is = 1-133, P = 0-01); ‘Z’ for variance due to 
different days or occasion = 0-89641 (theoretical ‘Z’ for m, = 11 and ny = 11, is 
= 0°7785, P = 0-01). ‘t? = 2:2342 (theoretical ‘t’? = 2-07, P = 0°05). 

The differences due to treatment as well as for occasion of experiment are thus 
both real and significant. 

We may therefore, conclude from these experiments, based on 195 coleoptiles 
exposed and 390 test plants, that the first negative phototropic curvature is corre- 
lated with differential auxin distribution of the order of 42 per cent. on the dark side 
and 58 per cent. on the illuminated side. 

In regard to the question as to whether exposure to light influences the total auxin- 
production we find that although the mean totals for controls (viz. 6-11+6-:14 = 
12°25) and for negative curvature experiments (viz. 7°19-+ 5°14 = 12°33) agree very 
well, it is not safe to draw any conclusion since we have established from the analysis 
of variance that variance due to occasion is significant; the excellent agreement may, 
therefore, be quite fortuitous. Only experiments carried out on the same day can 
decide this point. Data from two such experiments, viz. 


Total Auxin Content 
Date. Control. Negative curvature 
18/10/35 16°36 13°30 (not significant) 
20/10/35 9°74 9575s 9 


seem to suggest that there is no such effect of light. 


In conclusion the writer wishes to express his thanks to Prof. V. J. Konings- 
berger, Director of the Botanisch Laboratorium, Utrecht, for generously placing 
all the excellent facilities of the laboratory at his disposal and for much kindness 
shown during his stay at Utrecht; and to Dr. F. W. Went for suggesting this problem 
and for helpful discussion and criticism. The writer’s best thanks are also due to other 
members of the Botanical Staff for unfailing courtesy and much practical guidance. 

R. D. ASANA. 


THE NATURE OF THE OVULAR STALK IN POLYGONACEAE 
AND SOME RELATED FAMILIES.—In the Polygonaceae the ovule in most 
genera is nearly sessile, but in the large-flowered forms like Brunnichia and Cocco- 
loba it possesses a well-developed stalk. This stalk has been generally called a funi- 
culus as in other angiosperms. R. A. Laubengayer, (‘Studies in the Anatomy and 
Morphology of the Polygonaceous flower’, Amer. Journ. Bot., xxiv. 329-43, 1937), 
however, from his recent studies on the anatomy and morphology of the Polygona- 
ceous flower, comes to a different conclusion. He believes that the single-ovuled 
gynaecium of this family has been derived by reduction from a many-ovuled con- 
dition with free central placentation, and the stalk of the ovule represents a 
reduced free central placenta; because its vascular supply is comparatively large and 
the vascular elements are so arranged as to suggest not a single morphological trace, 
but a product of fusion of the ventral traces of the gynaecium and the ovular traces. 

It would have been easy to verify Laubengayer’s view as to the exact nature of 
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the ovular stalk if there were forms in the Polygonaceae with many-ovuled gynaecia. 
It would then be possible to determine whether the ovules in such types were sessile 
or possessed a true funiculus. Unfortunately such forms are not to be found. The 
only method, therefore, of testing Laubengayer’s views is to compare the structure 


Fics. 1 and 2. Longitudinal sections of ovaries showing the form and arrangement of the 
ovules. Fig. 1. Celosia argentea. Fig. 2. Pupalia lappacea. 


of the Polygonaceous ovule with that of related families. Amarantaceae and Cheno- 
podiaceae are two such families. Of these, the former is useful for the present pur- 
pose, because it includes some genera with many-ovuled gynaecia, while in the great 
majority the gynaecium, as in the Polygonaceae, is only one-ovuled. Figs. 1 and 2 
illustrate the structure and arrangement of the ovules in this family. Celosia 
argentea Linn. (Fig. 1) is répresentative of forms with many ovules in the ovary 
borne on a short free central placenta. Pupalia lappacea Juss. (Fig. 2) is representa- 
tive of uni-cvulate forms. A comparison of the two shows that there is no difference 
in the structure of the ovule. The stalk of the ovule in the many-ovuled forms is as 
well developed as in the one-ovuled types. It is therefore of the same nature in the 
two cases. It is a true funiculus and not a reduced free central placenta except per- 
haps at the basal extremity. 
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The study of Amarantaceae thus does not support Laubengayer’s conclusion. 
It appears that in the Polygonaceae also the stalk of the ovule in forms like Brun- 
nichia is, for the greater part of its length, a true funiculus. At the most only the 
basal end which is generally found fused with the ovary wall can be regarded as a 
vestige of the free central placenta. The unusual vascular supply of the funiculus 
is to be explained by the fact that the ovule in the Polygonaceae terminates the 
floral axis. Accordingly, the ventral traces of the carpels necessarily pass into its 
stalk, just as in the family Leguminosae many axial bundles pass into the solitary 
carpel. 

A. C. JOSHI. 
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AN IMPREGNATION METHOD FOR STAINING STARCH GRAINS. 
—Structures in the cell which will not take up stains readily can sometimes be 
coloured by precipitation of metallic salts. Such impregnation methods are in fairly 
common use in preparations of animal tissues, but are less often resorted to in 
botanical microtechnique. A method involving the precipitation of ferric sulphide 
has been described (‘A Plugging Substance in the Vessels of Hops’, Ann. Bot., 
xlii, no. clxviii, pp. 1027 and 1028, Oct. 1928). Similarly, silver iodide can be used 
for starch grains, rendering them ‘brass’ yellow (silver nitrate added to tincture 
of iodine produces a precipitate which as seen under the microscope is of the same 
colour), or any darker shade desired. 

The procedure for this process is as follows: (1) The material should be fixed in 
acetic alcohol so that the leucoplasts stain well with eosin. (2) A solution of iodine 
in potassium iodide is left upon the section for about 20 seconds. (3) The section 
is washed with water, treated with silver nitrate for 20 seconds, and again washed. 
The process (2 and 3) is repeated. (If desired, the starch grains can be rendered 
darker by repetition, but in this case their centres are generally of a lighter shade 
than the rest of the grain. After fifteen repetitions they go nearly black. (4) It is 
then better to dip the slide into acid hyposulphite of soda for a few seconds only, 
in order to remove strings of small crystals which otherwise spoil the appearance 
of the preparation. (If left in this solution for longer, the yellow colour gradually 
disappears, beginning apparently at the surface and spreading to the centre of the 
grains.) (5) Haematoxylin is a satisfactory stain for the cell walls and 2 per cent. 
eosin should be used for ten minutes for the leucoplasts. (The nuclei of the cells 
also take up the eosin.) 

Although leucoplasts are sometimes difficult to find in fixed material, this process 
is particularly useful for drawing attention to them, because while they are not 
affected by the deposition of silver iodide their red colour is in good contrast with 
the yellow starch grains. The method brings out the starch grain laminations, giving 
to them the appearance of rough ‘turning’ marks (e.g. in Phajus grandiflora). 

No success was achieved with the use of other metals which form iodides. ‘Creat- 
ment with potassium iodide, in which there is no dissolved iodine, followed by silver 
nitrate produces no result, while the use of tincture of iodine with this silver salt 
does give the characteristic yellow colour to the grains. This yellow colour is not 
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affected by N/1o hydrochloric acid or by strong ammonia. Exposure to light does 
not appear to have much effect on the colour; in one case a treated section was left 
in water in bright sunlight for several hours without noticeable change of colour. 
The method has been tried out on pseudo-bulbs of Phajus grandiflora, Pellionia stem, 
and potato. 

Mr. A.’G. Dennis of the Biology Department of St. Thomas’s Hospital Medical 


School, assisted in these investigations. 
T. C. THRUPP. 
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